
i 

THE FEASABILITY OF PROCESSING SILVER AND 

COPPER USING 400W LASER POWDER BED FUSION 

ADDITIVE MANUFACTURING 

John Robinson BEng (Hons) 

A thesis submitted in partial fulfilment of the requirements of the University of 

Wolverhampton for the degree of Doctor of Philosophy 

Additive Manufacturing of Functional Materials Research Group 

School of Engineering, Computing and Mathematical Sciences 

University of Wolverhampton 

 November 2021 



ii 

This work or any part thereof has not previously been presented in any form to the University or to any 

other body whether for the purposes of assessment, publication or for any other purpose (unless 

otherwise indicated). Save for any express acknowledgments, references and/or bibliographies cited in 

the work, I can confirm that the intellectual content of the work is the result of my own efforts and of 

no other person.  

The right of John Robinson to be identified as author of this work is asserted in accordance with ss.77 

and 78 of the Copyright, Designs and Patents Act 1988. At this date copyright is owned by the author.  

Signature……. 

Date…………… 05/09/2022 



iii 

Associated Publications 

J. Robinson, M. Stanford, A. Arjunan, Mater. Today Commun. 24 (2020) 101195.  

Stable formation of powder bed laser fused 99.9% silver - ScienceDirect 

J. Robinson, M. Stanford, A. Arjunan, Mater. Today Commun. 25 (2020) 101550. 

Correlation between selective laser melting parameters, pore defects and tensile properties of 99.9 % silver - 

ScienceDirect 

J. Robinson, A. Arjunan, M. Stanford, I. Lyall, C. Williams, J. Alloys Compd. 857 (2021) 

7561. 

Effect of silver addition in copper-silver alloys fabricated by laser powder bed fusion in situ alloying - 

ScienceDirect 

J. Robinson, A. Arjunan, A. Baroutaji, M. Stanford, Proc. Inst. Mech. Eng. Part L J. Mater. 

Des. Appl.  

Mechanical and thermal performance of additively manufactured copper, silver and copper–silver alloys – 

John Robinson, Arun Arjunan, Ahmad Baroutaji, Mark Stanford, 2021 (sagepub.com) 

Arjunan, J. Robinson, E. Al Ani, W. Heaselgrave, A. Baroutaji, C. Wang, J. Mech. Behav. 

Biomed. Mater. 112 (2020) 1–28.  

Mechanical performance of additively manufactured pure silver antibacterial bone scaffolds - ScienceDirect 

J. Robinson, A. Arjunan, A. Baroutaji, M. Martí, A. Tuñón Molina, Á. Serrano-Aroca, A. 

Pollard, Rapid Prototyp. J. 27 (2021) 1831–1849 

Additive manufacturing of anti-SARS-CoV-2 Copper-Tungsten-Silver alloy | Emerald Insight 

Arjunan, J. Robinson, A. Baroutaji, BioRxiv (2021) 2021.07.29.454385 

IJMS | Free Full-Text | 3D Printed Cobalt-Chromium-Molybdenum Porous Superalloy with Superior Antiviral 

Activity (mdpi.com) 

Under review - Electrical conductivity of additively manufactured copper and silver for 

electrical machine applications  

https://www.sciencedirect.com/science/article/pii/S2352492819303058
https://www.sciencedirect.com/science/article/pii/S2352492820325617
https://www.sciencedirect.com/science/article/pii/S2352492820325617
https://www.sciencedirect.com/science/article/pii/S0925838820339256
https://www.sciencedirect.com/science/article/pii/S0925838820339256
https://journals.sagepub.com/doi/abs/10.1177/14644207211040929
https://journals.sagepub.com/doi/abs/10.1177/14644207211040929
https://www.sciencedirect.com/science/article/pii/S1751616120306391
https://www.emerald.com/insight/content/doi/10.1108/RPJ-06-2021-0131/full/html
https://www.mdpi.com/1422-0067/22/23/12721
https://www.mdpi.com/1422-0067/22/23/12721


iv 

Collaborative Publication Contributions 

The significant interest generated from academia and industry alike regarding the L-PBF processing of 

silver (Ag) and copper (Cu) has led to an interdisciplinary research approach being undertaken in this 

thesis where numerous collaborative projects have developed in the areas of thermal, electrical, and 

antimicrobial performances of L-PBF Cu and Ag. Therefore, while John Robinson is correctly 

identified as the author of this work some input has been received by academic and industry experts in 

their related fields where contributions and appreciation must be acknowledged. Furthermore, the 

expertise of the author combined with academic and industry expertise were both required for successful 

project and publication completion. Accordingly, the extent of each collaboration and the contributions 

from internal and external parties are indicated here.  

Chapter 8 Thermal performance of Cu, Ag and Cu-Ag alloys 

Chapter 8 required thermal analysis techniques not accessible at the University of Wolverhampton at 

that time. Therefore, the University of Birmingham kindly completed the laser flash thermal analysis 

using their Netzsch laser flash apparatus.  

Chapter 9 Electrical performance of Cu, Ag and Cu-Ag alloys  

Chapter 9 required electropolishing and electrical machine manufacture expertise to assess the 

feasibility of improving surface roughness and ascertaining the electrical performance of Cu, Ag and 

Cu-Ag alloys. Publication and project partners from the Electrical Energy Management Group, 

(University of Bristol) and Anopol Ltd assisted with their expertise completing electropolishing analysis 

(Anopol) and X ray CT and electrical performance investigations (University of Bristol).  

Chapter 10 Antimicrobial performance of L-PBF Ag 

Chapter 10 required expertise in bone scaffold design and failure mechanisms alongside material 

antibacterial performance analysis. Therefore, publication co-authors Dr Arun Arjunan and Dr Wayne 

Heaselgrave from the University of Wolverhampton’s schools of Engineering and Biology, Chemistry 



v 

and Forensic Science contributed their expertise in predictive modelling, material mechanics and 

antimicrobial analysis.  

Chapter 11 Response to COVID-19 

Chapter 11 required expertise in predictive modelling and antimicrobial analysis and more specifically 

hard to come by access to a biosafe RNA viral model of SARS-CoV-2 for anti- SARS-CoV-2 analysis. 

Therefore, the University of Wolverhampton and Universidad Catolica de Valencia San Vicente Martir 

collaborated in these areas. Dr Arun Arjunan contributed to DoE and predictive modelling while 

Professor Ángel Serrano-Aroca and his team Miguel Martí and Alberto Tuñon Molina completed anti- 

SARS-CoV-2 analysis. 

 



i 

Abstract 

The combined effect of accelerating climate change and the COVID-19 pandemic have resulted in 

governments globally placing greater emphasis on innovations in healthcare, materials science, 

sustainable manufacturing, and green energy solutions. Global requirements for reducing greenhouse 

gas emissions alongside governmental commitments regarding the development of a healthier, safer, 

and greener future across sectors including healthcare, energy, transport, and buildings has resulted in 

recent advances in low emission vehicles, renewable energy sources, healthcare, and energy capture 

technologies. However, it is widely agreed that many industries will require advances in materials and 

manufacturing technologies for effective solutions for future systems and devices. Silver (Ag) and 

copper (Cu) exhibit exceptional thermal, electrical, and antimicrobial characteristics and offer much 

potential for superior performance materials, devices, and systems. Additionally, recent developments 

in Computer Aided Design (CAD) and simulation techniques, design tools, custom materials, and 

Additive Manufacturing (AM) technologies open up possibilities to manufacture superior performance 

component geometries not previously possible with more traditional manufacturing technologies. 

Consequently, combining Cu and Ag material characteristics with AM design freedoms present 

significant prospects for many industries. For metal AM the Laser Powder Bed Fusion (L-PBF) process 

is the most mature technology and is commonly utilised in aerospace, automotive and healthcare 

sectors. However, L-PBF processing highly reflective and thermally conductive Cu and Ag is 

challenging due to their reflective nature resulting in insufficient energy absorption at the powder bed 

and it is generally agreed that L-PBF processing Cu and Ag with acceptable densities requires 

nonstandard higher power infrared lasers (>500W), small spot size lasers, different wavelength lasers 

and/or material alloying. In this regard this research reports the feasibility of processing high purity Cu, 

Ag and Cu-Ag alloys (utilising a standard 400W L-PBF system) for thermal, electrical, and 

antimicrobial applications. 

Initially optimum laser parameters were developed demonstrating the feasibility of successful L-PBF 

processing high purity Ag and the effects of L-PBF parameters on material density and mechanical 

performance are established using X-ray Computed Tomography (XCT). Porosity morphology, content 
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and distribution varied significantly as energy density at the powder bed was altered through L-PBF 

parameter adjustment, which in turn effected density and mechanical performance. Ag density and 

number of pores achieved were 86.5% to 99.8% and 166 to 3421 respectively. While L-PBF Cu is 

shown to have comparable yield strength (161.04 MPa) to commercially available L-PBF Cu alloys 

when comparing Cu and Ag the L-PBF Ag exhibited higher failure strain yet significantly lower yield 

strength and UTS with Cu being 109% and 59% higher in comparison to Ag.  Subsequently Cu-Ag in 

situ alloying is utilised to investigate the addition and alloying of Ag to Cu and resultant mechanical 

performance for as built and annealed alloys reported. Ag addition in Cu increased yield strength and 

UTS significantly with all Cu-Ag alloys outperforming Ag, Cu and all commercially available Cu 

materials evaluated. CuAg10% reported yield and UTS increases of 39% and 41% in comparison to L-

PBF Cu. 20% Ag addition saw increases of 75% and 72% from Cu while 30% Ag addition exhibited 

105% and 94% higher yield strength and UTS. Thermal performance of Ag is shown to significantly 

outperform Cu and Cu-Ag alloys exhibiting 70% higher thermal diffusivity in comparison to Cu even 

with significantly higher porosity content. For electrical performance sample density driven by powder 

particle PSD was the biggest contributing factor to improved performance. Small Cu purity changes 

could not be directly defined with the highest purity Cu (>99.98%) resulting in similar electrical 

performance (being 59.7% and 59% of the International Annealed Copper Standard (IACS)) compared 

to the lowest purity Cu (>99%) assessed. Antibacterial and antiviral investigations of Cu and Ag show 

that L-PBF Ag not only inhibits bacterial growth but displays a 99.9% kill of the most common implant 

infection-causing Staphylococcus aureus in 14 hours while the addition of W and Ag as alloying 

elements to L-PBF Cu results in superior antiviral properties with 100% inactivation of SARS-CoV-2 

in 5 hours.  

Contrary to recent literature and commonly agreed understanding regarding L-PBF processing of Cu 

and Ag the work undertaken in this thesis demonstrates the feasibility of L-PBF processing highly 

reflective Cu and Ag for thermal, electrical, and antimicrobial applications utilising a standard 400W 

L-PBF AM system. 
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Chapter 1 Introduction  

1.1  Background 

Additive Manufacturing (AM) is a layer-by-layer manufacturing process that fabricates components by 

adding material rather than subtracting or forming material as with more traditional manufacturing 

technologies. Although certain technologies are now maturing AM processes are relatively new with  

commercial AM activities beginning in 1987 with the release of the first commercial stereolithography 

(SLA) system [1]. By 1994 the first commercial Laser Powder Bed Fusion (L-PBF) metal AM system 

was launched with numerous processable metal materials including steel, titanium, aluminium, and 

cobalt chromium being released over the next two decades [1,2]. L-PBF is the most common AM 

process for metal 3D manufacture [2]. As the name suggests the L-PBF process uses a laser energy 

source to selectively melt powdered metal within a powder bed [3] which will be discussed in detail in 

the following chapters. 

The design freedom and layer by layer nature of AM processes result in benefits including the 

elimination of tooling, stock reduction, on demand manufacture, sustainability, waste reduction, mass 

customisation, weight reduction and complex geometry fabrication [2,3]. Due to the numerous benefits 

offered by AM technologies they are currently in demand in many sectors with the aerospace, medical, 

and dental industries being early adopters. As AM technologies mature, further uptake is also being 

seen in the automotive and consumer products sectors [1,2]. While growth in these sectors is expected 

to continue steadily the emergence of innovative design software, advanced materials and ever 

improving processing technologies will see continued AM uptake in the energy, electronics and space 

sectors. Applications in existing markets will continue to increase steadily as AM technologies become 

established and companies benefit from the layer-by-layer processes. This will begin with more 

established sectors such as aerospace, medical and dental followed by the power and energy sectors as 

green energy and renewable applications begin to utilise the benefits of advanced materials and AM 

processing technologies [2]. Another strong growth area is metal AM where the increased uptake of 

metal AM materials and maturing technologies are showing strong growth. Metal AM is now justifiable 
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for high value production components for aerospace, healthcare, and automotive industries among 

others. As such AM Original Equipment Manufacturers (OEM’s) continue to increase their metal 

material development and offerings while custom material and process start-ups companies continue to 

emerge in the AM market. Recently the AM industry is seeing an increasing trend towards application 

specific custom materials and AM machines developed specifically to process the materials.  

Consequently, it is envisaged that designers and engineers in the future will have the ability to dictate 

not only the optimum material composition for their specific application but also the most suitable 

manufacturing methodology for optimum material and geometrical properties for superior device and 

system performance.  

1.2  Problem statement 

For AM processing of metals, the L-PBF process is the most mature technology and is becoming 

increasingly common in aerospace, automotive and healthcare sectors. The L-PBF process utilises high-

powered laser sources for selectively melt powdered metallic materials to give component densities 

above 99.9% [4,5]. The L-PBF process is complex and involves laser diffusion and scattering, heat 

transfer, material absorptivity, phase transformation and surface tension fluid flow [6]. Therefore, there 

are a significant number of process variables which affect the properties of fabricated components [7]. 

It is estimated that the L-PBF process including feedstock, build environment, and laser interaction has 

in excess of 130 variables [7] and due to the numerous process variables [7] which include material 

absorptivity and reflectivity [6] the processing of highly reflective and thermally conductive materials 

with standard L-PBF technologies can be challenging [8–10]. While liturature investigating the L-PBF 

processing of copper (Cu) is becoming more common liturature processing silver (Ag) and copper-

silver (CuAg) alloys is currently limited with varying success being reported. These materials combined 

with the relative freeform design opportuinties of L-PBF allow the potential for custom geometries for 

large surface area thermal management, custom implants and custom electrical windings for electric 

machine applications. Therefore, the processability and resultant mechanical, thermal, electrical, and 

antimicrobial performance of these reflective and thermally conductive materials utilising standard L-

PBF systems is yet to be fully understood. Particularly in relation to standard 400W laser systems.  
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1.3 Research aims and objectives  

The overall aim of this research is to assess the feasibility of L-PBF processing high purity Cu, Ag and 

Cu-Ag alloys that could offer the potential to develop superior performance materials to enable the 

creation of enhanced performance components that take advantage of the benefits of AM. These 

materials should offer superior mechanical, thermal, electrical and/or antimicrobial properties in 

comparison with current L-PBF alloys. The main objective was to assess the feasibility of using an 

industry standard (400W) L-PBF AM system to process highly reflective Cu and Ag materials and 

ascertain the related mechanical, thermal, electrical, and antimicrobial performance. This was achieved 

through the following specific objectives: 

o Ascertain the feasibility of additively manufacturing high purity Ag and Cu using a 400W L-

PBF system by developing optimised L-PBF processing parameters for 3D structure 

fabrication.  

o Investigate the effects of L-PBF process parameters on material density and the mechanical 

performance of additively manufactured Ag and Cu. 

o Comparatively analyse the mechanical performance of additively manufactured Ag, Cu, and 

copper-silver (Cu-Ag) alloys with current AM copper alloys.  

o Ascertain the thermal, electrical, and antimicrobial performance of L-PBF Ag, Cu, and Cu-Ag 

alloys. 

1.4 Structure of the thesis 

This thesis consists of twelve chapters with the content as follows:  

Chapter 1 introduces the research background and problem statement and states the research aims and 

objectives, structure of thesis and original contribution to knowledge.  

Chapter 2 presents a literature review in relation to L-PBF material and process development. Firstly, 

an introduction and brief history of the AM industry is reported highlighting the emergence of metal 

AM and L-PBF technologies. The benefits and limitations of metal AM using L-PBF are then discussed 
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in relation to reflective and conductive Cu and Ag materials. Finally, developments in L-PBF materials 

and processes are reported within the context of the aims and objectives of this research.  

Chapter 3 ascertains the feasibility of L-PBF processing of Ag for the fabrication of 3D structures. 

Laser and material interactions are investigated through single track fabrication to inform L-PBF 

process parameter requirements.  

Chapter 4 investigates the effects of L-PBF process parameters on the density and resultant mechanical 

performance of high purity Ag utilising X-ray Computed Tomography.  

Chapter 5 comparatively analyses the density, porosity distribution and resultant mechanical 

performance of L-PBF Ag and Cu under the same processing environments.  

Chapter 6 ascertains the effect of Ag and Cu composition and effect of increasing Ag content on the 

density, porosity distribution and crystal lattice structure of Cu-Ag alloys and resulting mechanical 

performance.  

Chapter 7 evaluates and summarises the mechanical performance of Ag, Cu and Cu-Ag alloys in a 

comparative study including three commercially available L-PBF Cu variants.   

Chapter 8 reports the thermal performance of Ag, Cu and Cu-Ag alloys utilising Laser Flash Apparatus 

(LFA) and X-ray Computed Tomography. 

Chapter 9 reports the electrical performance of L-PBF Cu, Ag and Cu-Ag utilising small-signal Ohm 

meter, large signal measurement and X-ray Computed Tomography techniques. Additionally, proof of 

concept shaped profile coil windings and multi-material coil winding and triply minimal periodic 

surfaces heat exchanger structures are manufactured.  

Chapter 10 reports the antimicrobial performance of L-PBF Ag through the fabrication and analysis of 

high purity antibacterial Ag bone scaffolds with different lattice structures.   

Chapter 11 was written in response to the COVID-19 pandemic and evaluates the antiviral performance 

of L-PBF Cu-Ag based alloys through the development of anti-SARS-CoV-2 materials and a L-PBF 

parametric driven approach to assess the simplification and potential for on demand distributed 
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manufacturing of antiviral components. Additionally, proof of concept mask filters are fabricated using 

a novel antiviral copper-tungsten-silver (Cu-W-Ag) alloy and developed L-PBF parametric approach.  

Chapter 12 states the conclusions of this research and areas and recommendations for future research 

potential.  

1.5 Original contribution to knowledge  

The original contributions of this thesis to the body of knowledge are: 

o The development of 400W L-PBF process parameters for high purity Ag, Cu, and Cu-Ag 

alloys. 

o The mechanical performance data for L-PBF processed high purity Ag, Cu, and Cu-Ag 

alloys. 

o The thermal performance data for L-PBF processed high purity Ag, Cu, and Cu-Ag alloys. 

o The electrical performance data for L-PBF processed high purity Ag, Cu, and Cu-Ag alloys. 

o The antimicrobial data for antibacterial performance of L-PBF Ag and antiviral 

performance of Cu-W-Ag.   

 

The above points collectively contribute to the body of knowledge on the L-PBF processability of highly 

reflective and thermally conductive Cu and Ag and the mechanical, thermal, electrical, and 

antimicrobial performance characteristics of fabricated components.  
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Chapter 2 Literature Review 

2.1. Introduction 

This chapter introduces the fundamental concepts associated with L-PBF AM and associated challenges 

and opportunities for L-PBF processing Cu and Ag materials. Firstly, AM is described, and the various 

AM technologies and related materials discussed. Global AM material sales by type are highlighted 

with metal AM material sales and growth emphasised highlighting potential industry opportunities. 

Additionally, AM industry growth predictions and AM terminology are described and clarified in 

relation to the research presented. L-PBF commercial history is then introduced describing 

developments in L-PBF hardware and materials. The L-PBF process and current materials are reported 

explaining associated L-PBF process parameters and the processes benefits and limitations. Finally, Cu, 

and Ag materials are explored, and recent literature related to the L-PBF processing of Cu and Ag are 

comprehensively reported and opportunities for L-PBF of Cu and Ag examined.   

2.2. Additive Manufacturing 

AM is a fabrication process where material is added (layer by layer) rather than machined (subtracted) 

or formed as with more traditional manufacturing technologies. Commercial AM activities began in 

1987 when 3D Systems released their SLA-1 [1] photo polymerisation system. This was quickly 

followed by US and Japanese systems in 1988 and 1989 respectively [1]. In the same year (1989) Hans 

J. Langer formed Electro Optical Systems (EOS) and entered the AM market with their first 

stereolithography system [1]. Today AM manufacturing techniques encompass many processing 

technologies (extruding, jetting, polymerisation, laminating, spraying and/or thermally fusing) and 

related materials (filaments, wires, liquids, powders, pastes, and sheet) [2,11–14]. AM processes and 

materials continue to emerge however Fig 1 [2] displays the seven most common AM technologies and 

material type availability for each process as defined by ASTM F2792-12a (Standard Terminology for 

Additive Manufacturing Technologies).  
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Fig. 1. AM material processes and comparative material product availability [2]. 

Earlier polymerisation and extrusion technologies can be seen to dominate polymer AM material ranges 

while Powder Bed Fusion (PBF) technologies offer the widest range of metal AM materials by a 

significant margin. Fig. 2 shows the distribution of 2019 material sales by material type where the more 

historically established photopolymers and polymer powders represent 31.9% and 28.1% of material 

sales respectivley accounting for 60%. 

 

Fig. 2. Global AM material sales by material type in 2019 [2]. 

Metal AM technologies and materials which have been available for approximately half of the AM 

industry history account for 17.4% with ceramic and relatively new processes and materials such as 

binder jetting, sheet lamination and Solidscape systems making up the other 2.0%. As metal AM 

Polymer powders, 28.10%

Photopolymers, 31.90%

Metals, 17.40%

Filaments, 20.60%
Other, 2%
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technologies become more established metallic materials sales are increasing and are expected to see 

significant growth in the coming years. The sales of metal materials (Fig. 3b) has been increasing 

steadily since 2009. In 2019 AM materials global revenue increased by 27.9% to an estimated $332.7M 

from $260.2M in 2018. In 2015 revenue from metal AM materials increased by 80.9% with 2016 – 

2018 growth all seeing >40% increases. 

 

Fig. 3. AM materials sales showing (a) all AM material sales from 2001 and 2019 and (b) metal materials sales between 

2009 and 2019 [2]. 

2.2.1. Additive Manufacturing Industry 

The AM industry took 20 years to reach $1B revenue however over the next 5 years it generated its 

second $1B revenue. Between 2010 and 2019 the industry grew by $10.8B. Currently global 

manufacturing represents 16% of the global ($80T) economy and at $11.867B in 2019 AM accounted 

for 0.0927% of global manufacturing. It is predicted the AM industry will someday surpass 5% of 

global manufacturing. At 5% the AM market will be a $640B industry. Overall AM industry growth is 

predicted to come from all sectors. Applications in existing markets will continue to increase steadily 

as AM technologies become established and companies benefit from the design freedom of layer-by-

layer processes. This will begin with more established sectors such as aerospace, medical and dental 

followed by the power and energy sectors as green energy and renewable applications begin to utilise 

the benefits of advanced materials and AM processing technologies. Furthermore, in the past three years 

increasing emphasis has come from AM being utilised for specific applications and this trend is 

expected to continue as industry apply the benefits of AM to various sectors. Other growth areas include 

(a) (b) 
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the increased uptake of metal AM in many sectors. Metal AM in particular shows strong growth and is 

now justifiable for high value production components for aerospace, healthcare, and automotive 

industries. The benefits of AM technologies for certain applications are numerous. AM benefits include 

the elimenation of tooling, stock reduction, on demand manufacture, sustainability and waste reduction, 

mass customisation, generative design and optimised structures such as topology optimisation weight 

reduction and conformal cooling channels. Due to the various benefits AM is currently in demand in 

many sectors with the aerospace, medical, and dental industries being early adoptors. As AM 

technologies mature further uptake is also being seen in the automotive and consumer products sectors 

among others. While growth in these sectors are expected to continue steadily the emergence of 

innovative design software, advanced materials and ever improving processing technoloiges will see 

AM uptake in the energy, electronics and space sectors [2]. 

2.2.2. Additive Manufacturing Terminology 

Historically layer by layer manufacturing was utilised for fast-track prototype fabrication and as such 

over the years terminology related to these technologies have included rapid prototyping, additive 

fabrication, additive layer manufacturing (ALM), layer manufacturing, freeform fabrication, additive 

manufacturing (AM), and 3D printing. Although defined differently by the International Organisation 

for Standardisation (ISO) the terms AM and 3D printing have steadily become the accepted industry 

terminology. AM is commonly considered in respect to end use components however 3D printing is a 

much more widely understood and therefore used term. Additionally, the various layer by layer 

manufacturing techniques including extrusion, jetting, polymerisation, laminating, spraying and powder 

bed can be defined differently dependant on process and system manufacturer. For example, PBF 

techniques can process both polymer and metal materials and previously PBF processes have been 

named LaserCUSING, Selective Laser Sintering (SLS), Selective Laser Melting (SLM), Laser Melting 

(LM) and Laser Sintering (LS) dependant on OEM. PBF processes are defined as a process where 

powdered material is selectively consolidated by melting it together using a heat source such as a laser 

or electron beam. Both laser and electron beams are commonly utilised for metal PBF processes with 

Laser Powder Bed Fusion (L-PBF) currently the most commercially available with the widest metallic 
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material selection. Furthermore, to add to the terminology confusion AM hardware terminology has 

also changed as hardware technologies developed. For example, EOS GmbH’s initial metal L-PBF 

system the EOSINT M250 used a CO2 laser to selectively sinter and fuse low temperature metallic 

powders for metal 3D fabrication. As such the EOSINT M250 was a L-PBF process that sinters and 

fuses powder feedstock and therefore EOS termed their process Direct Metal Laser Sintering (DMLS). 

However, as laser optics and AM hardware have developed the processing of metal materials that could 

be fully melted became possible and EOS DMLS terminology now relates to Direct Metal Laser 

Solidification to account for process and hardware developments.  

The research presented in this thesis relates specifically to EOS GmbH’s M290 400W L-PBF AM 

system where a medium powered laser source is utilised to selectively laser melt metallic powder for 

3D fabrication.  

2.2.3. Laser Powder Bed Fusion History 

L-PBF is currently the most mature and therefore commonly utilised process for printing metal 

components [2]. While commercial AM activities began in 1987 [15] it is generally agreed that metal 

AM and L-PBF technologies were first commercialised in 1994 when EOS GmbH released their 

EOSINT M250 system [16].  

2.2.3.1.  1990 - 2000 

Following the release of the EOS M250, L-PBF technologies continued to develop and be released 

through the 1990’s. The 1990’s saw Optomec, ExOne, Fraunhofer Institute for Laser Technology and 

Röders all releasing their respective L-PBF technologies namely Laser-Engineered Net Shaping 

(LENS), ProMetal RTS-300, Selective Laser Melting (SLM) and Controlled Metal Buildup (CMB).  

2.2.3.2.  2000 - 2010 

The 2000’s saw an increase in material and hardware developments. In 2003 EOS released the EOSINT 

M270 DMLS system which utilised a (200W) fibre laser in comparison to the CO2 laser in the EOSINT 

M250. This development allowed the processing of stainless steel and cobalt chrome materials which 
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were introduced to the industry in 2006. IN718 (Inconel) and Al-Si10-Mg (aluminium) materials for L-

PBF were developed and released in 2009. December 2010 saw the introduction of the EOSINT M280 

system with 200W and 400W laser power options significantly increasing energy density at the powder 

bed in comparison to its M270 predecessor. Additionally, the M280 offered both nitrogen and argon 

build process environments further enabling new materials to be processed.  

2.2.3.3.  2010 - 2021 

Acquisitions in 2011 and 2012 saw Renishaw plc, Materialise and GE Aviation enter the metal AM 

market. Metal AM saw continued demand through the 2010’s with growth exceeding that of polymer 

systems. Trumpf and Sisma partnered to develop a metal L-PBF AM system in 2014 while in the same 

year EOS launched the EOS M290 L-PBF system with melt pool monitoring capabilities. EOS also 

partnered with precious metal supplier Cookson Precious Metals to develop a L-PBF system (the EOS 

M080) optimised for processing precious metals such as silver, gold and platinum for the jewellery and 

watch industry [15]. In 2015 Additive Industries released their multi-laser L-PBF system the MetalFab1 

and Prodways and Farsoon Technologies partnered to develop metal PBF AM systems. 2016 and 2017 

saw significant investments and acquisitions with Stryker and Siemens announcing the development of 

AM facilities, GE purchasing Arcam and Concept laser while DMG Mori acquired a 50.1% stake in 

Realizer.  

Today numerous companies offer L-PBF systems for metal printing and L-PBF hardware, software and 

materials continue to develop and emerge. Laser optics vary dependant on system manufacturer, 

material, and application. CO2 lasers have been replaced with Nd:YAG and Yb:YAG lasers in metal L-

PBF systems to offer energy density improvements. Yb:YAG lasers are commonly used due to high 

energy absorption of most metal powders at infrared wavelengths. However, some metallic materials 

such as Cu can reflect 98% of common L-PBF laser wavelengths which has led to the development of 

material specific green and blue laser systems for enhanced L-PBF Cu processing. Recently build 

volumes, laser power and the quantity of lasers in the systems have all increased allowing faster build 

speeds, processing a wider array of materials and higher build quality. Quad laser systems with high 
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powered lasers are now available from numerous L-PBF system manufacturers and May 2021 saw 

Farsoon Technologies launch their 1KW laser L-PBF system the FS721M-8.  

2.3. Laser Powder Bed Fusion Process 

Currently the L-PBF process is the most common AM technique for metal 3D fabrication [2]. As the 

name suggests the L-PBF process uses a laser energy source to selectively melt powdered metal within 

a powder bed [3] allowing the manufacture of close to fully dense complex metallic structures that are 

difficult or impossible to manufacture through traditional manufacturing technologies [17,18]. Fig 4 

displays a schematic of the L-PBF process which takes place in an inert (usually argon filled) 

atmosphere. During the L-PBF process a fine layer (typically between 20µm and 50µm) of metal 

powder is spread across the build platform using a recoating mechanism. Build platform dimensions 

will depend on system manufacturer and specific application and material constraints. For example, the 

EOS M080 has an 80 mm diameter build platform to reduce the material quantity requirements when 

processing expensive precious metal materials such as gold and platinum. Contrastingly the ATLAS 

PBF system developed by General Electric (GE) for aerospace applications has a 1000 mm3 build 

volume. Once accurately spread across the build platform the thin powder layer is selectively laser 

melted dependant on the material, scan strategy and process parameters selected. The powder is then 

solidified to the build platform as either supporting structures or fabricated part dependant on the final 

geometry being manufactured. Once the layer is complete the build platform lowers by the specified 

layer thickness and another fine layer of powder is deposited by the recoating system. The next layer is 

then selectively melted, and the process repeats until the AM process is complete.    
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Fig. 4. Laser powder bed fusion process (adapted from [14]). 

The L-PBF process is a combination of many (over 130) parametric variables related to feedstock, build 

environment, process, laser and material interactions [7]. Within these, the controllable process 

parameters vary depending on the specifics of the system [7] however common controllable build 

process parameters include hatch distance, layer thickness, laser power and scan speed [7]. For the L-

PBF process correct laser and powdered material interaction is critical for successful component 

fabrication. Each metal and alloy will require a specific set of optimum process parameters and scanning 

strategies due to each materials composition and resultant material properties [19–21]. The melt pool 

created by the laser and material interaction therefore needs to be accurately controlled through 

parameter and scanning strategy input to ensure the optimum density and microstructure for the 

fabricated components [22]. All investigations completed throughout this work were completed on an 

EOS M290 400W AM system. Fig 5 displays a schematic for simple cube geometry and L-PBF hatch 

distance and layer thickness process parameters. 
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Fig. 5, L-PBF process parameters showing (a) simple cube geometry and (b) laser hatch distance and layer thickness 

parameters (adapted from [10]). 

2.3.1.1.  Laser power 

Laser power is the amount of available energy that can be supplied by the laser module for the process. 

Laser power has steadily increased as L-PBF technologies have matured allowing the ever-increasing 

processability of new materials [23,24]. The EOS M290 utilised for investigations in the following 

chapters has a 400W fibre laser however L-PBF system manufacturers now supply systems with 1KW 

laser power capabilities [24]. The available laser power of a system has a significant impact on the 

energy density that can be applied to the powder bed [22]. 

2.3.1.2.  Scan Speed 

The laser scanning speed is the velocity at which the laser passes over the powder bed. The scan speed 

can have a significant effect on energy input at the powder bed due to its relationship with energy input 

duration [25–27]. Increased scan speed can reduce overall build time [22] and therefore improve 

efficiency and cost however correct scan speed and other parameter combinations are required to reduce 

and limit defects, optimise density, and ensure successful component fabrication [27,28]. 

2.3.1.3.  Hatch distance 

The hatch distance sometimes called the step over is the distance the laser moves (steps) across before 

performing the next laser pass. Hatch distance requirements will initially relate to laser spot size that in 

turn can vary dependant on system manufacture (The EOS M290 spot size is ⁓0.1mm). Hatch distance 

(a) (b) 
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will have a significant impact on laser energy at the powder bed and must be optimised in combination 

with laser power and scan speed parameters for correct energy input. 

2.3.1.4.  Layer thickness  

The layer thickness is the depth of the powder layer that is selectively melted successively for 3D 

fabrication. Generally, for L-PBF layer thicknesses will be between 20µm and 50µm dependant on AM 

system, material, laser power availability, and powder properties. Layer thickness can have a significant 

impact on process build time due to the cumulative effect of larger layers over the number of layers 

within a build. Therefore, increased layer thickness can have a significant effect on efficiency and cost. 

However, layer thickness must again be optimised in combination with other parameters to ensure 

successful build, satisfactory surface finish and reduce defects [27]. Additionally, hard blade recoating 

is known to improve layer thickness packing density due to compressive and shear mechanisms. 

2.3.1.5.  Scanning Strategies  

The scanning strategy refers to the laser path pattern used to selectively melt the selected laser exposure 

area for each specific layer. Optimum scanning strategies are developed alongside process parameters 

and material properties as part of the L-PBF material development process. Therefore, scanning 

strategies can vary significantly and will be dependent on system manufacturer and material being 

processed. For example, until recently a commonly held belief was island scanning strategies (Fig 6b) 

limited internal stress build up by spreading laser energy input over the exposure area [10]. However a 

recent study [29] reported higher internal stress accumulation when using  island strategies. The most 

common scanning strategy currently used is a rotated raster strategy [22]. While scanning rotation can 

be in X and Y as seen in Fig 6a a common rotation strategy is to rotate each layer by 67 degrees to 

ensure full melt and avoid track orientation repetition [22].  
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Fig. 6. L-PBF scanning strategies displaying (a) X-Y rotation, (b) island and (c) rotation (adapted from [10]).  

2.3.1.6. Powder dispensing 

L-PBF is a micron scale layer-by-layer AM process where components are fabricated by the SLM of 

powder feedstock layer on previously melted powder layer. Dependant on the specific powder bed 

system the powder feedstock is transported from a dispensing hopper or powder bed. Therefore, the 

powder dispensing process itself can influence the resultant dispensed layer characteristics and final 

component density and properties [30]. Powder rheology and motion dynamics from dispenser to build 

platform can be critical [31] and therefore recoating speed, dosing factor and recoating technique can 

all effect powder layer characteristics [22]. For example, using a soft (brush) blade to dispense powder 

offers advantages for filigree structures that may be affected by hard (steel/ceramic) blade impact. 

However, hard blade and roller powder dispensing techniques result in a higher powder packing density 

and therefore denser fabricated components due to compressive/shear mechanisms and larger compact 

regions [30,32] positively affecting layer packing density and laser and material interactions such as 

absorptivity and heat transfer [33]. Furthermore, previous studies have shown increasing Cu powder 

packing density results in higher component density [34].  

2.3.1.7.  Other considerations 

Other variables such as build orientation and post-processing have also been shown to affect the 

properties of L-PBF processed materials [4,35–38]. Build set up and part placement can effect final part 

quality and porosity content [26]. The rapid heating and cooling cycles of the L-PBF process can result 

in induced thermal stresses. Material warping due to these stresses is common and can be particularly 

problematic with some materials. Therefore, support structures are required to pin the components to 

(a) (b) (c) 
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the build plate [2]. Furthermore, the layer-by-layer process of L-PBF results in anisotropic mechanical 

and thermal properties which can be important to understand during the Design for Additive 

Manufacturing (DfAM) process. Part orientation will also dictate surface finish and support 

requirements which again can be critical for successful manufacture [2].    

2.4. L-PBF benefits, limitations, and challenges  

The layered approach of L-PBF allows the fabrication of complex geometries not feasible with more 

traditional manufacturing techniques. This design freedom allows components to be optimised for the 

specific application removing design limitations related to conventional manufacturing processes. 

However, L-PBF and AM technologies in general are sometimes incorrectly described as free from 

design constraints and limitations. L-PBF metal processing in particular can require comprehensive 

knowledge related to material feedstock, the L-PBF process and DfAM to limit material usage, build 

time and ensure successful component manufacture.  

2.4.1. L-PBF Benefits 

L-PBF AM has many benefits however due to the relatively high associated costs the process should 

only be used when its benefits offer significant cost and/or product and application improvements. 

Eliminating the need for costly mould and die tooling while allowing the fabrication of complex 

structures for custom components [39,40], lightweight optimised structures [41,42] and complex 

geometries [43,44] while consolidating part assemblies into a single component means AM continues 

to enter many industries as a useful manufacturing tool and companies are increasingly using L-PBF 

for metal final part production [45,46]. In many cases metal L-PBF parts offer similar or superior 

properties when compared to conventionally manufactured parts [47,48]. Moreover, L-PBF can reduce 

material usage and waste seen with conventional machining techniques and therefore can be a very 

useful tool for higher value lower volume production of complex components as required in the medical, 

dental, motorsport and aerospace industries [2].  

For example, a recent General Electric (GE) Aviation study investigated optimising manufacture for 

their CT7 helicopter engine. The study determined ⁓40% of the engine could be optimised for AM. The 
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18-month redesign study reduced the overall part count from 900 to 16, reduced weight by 35% and 

cost by 40% [2]. Similarly, Siemens optimised an SGT-700 gas turbine burner using L-PBF 

consolidating 13 parts into 1, removing 18 welds, reducing weight by 22% and reducing production 

time from 26 weeks to just three [2]. Additionally, in 2019 a satellite antenna made through L-PBF was 

successfully launched on the SpaceX Falcon. The antenna saw a part reduction of 57% and cost 

reduction of 90% respectively. This year (2021) saw Sauber Motorsports double the number of metal 

L-PBF components on their Alfa Romeo F1 race car reducing weight by 2% [2].  

Furthermore, as L-PBF requires no tooling it also eliminates tool maintenance, repair and storage while 

eliminating costly delays due to damaged or worn tools while allowing short notice changes without 

incurring significant costs [2]. As L-PBF can create single parts from multiple part assemblies’ stock 

and component issues are reduced and any costs related to storage overheads, documentation, 

inspection, planning, and control reducing overall costs. Therefore, L-PBF parts can offer a significantly 

greener manufacturing route through AM optimisation and as such L-PBF AM is seeing increased 

progress towards series production and final metal part manufacture in many sectors.  

2.4.2.  L-PBF limitations and challenges 

While L-PBF offers significant benefits, the process is not without its limitations and challenges that 

need to be overcome for wider industry adoption. L-PBF feedstock and process limitations include cost, 

available build volume, feature resolution and material availability while challenges include DfAM 

material and process knowledge, education and training and repeatability and quality.   

2.4.2.1.  Cost 

L-PBF processes are relatively complex and system purchase and running costs are also relatively high 

in comparison to other AM techniques [2]. L-PBF systems range from hundreds of thousands to millions 

dependant on system supplier, build volume, laser type, laser quantity and laser power requirements.  

L-PBF systems also operate an inert atmosphere build chamber environments to remove and limit 

elemental contamination and to ensure safety when operating with hazardous reactive powders such as 

titanium and aluminium. Inert gas cost will vary dependant on system usage and material however the 
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cost of argon can easily exceed £8000 per year for one metal AM system adding to operating costs. 

Additionally, feedstock storage precautions, material waste removal, oxygen detection and personal 

protective equipment can all be required adding additional thousands of costs to L-PBF operation. 

Furthermore, post processing equipment for AM parts can easily run into hundreds of thousands. An 

industrial compressor, sand blaster, wet separator vacuum, heat treatment furnace and electrical 

discharge machining (EDM) system are all requirements and could easily add up to more than £150,000.  

Software licenses related to DfAM, L-PBF equipment and materials processing vary dependant on 

software and L-PBF system provider however they can easily be £17,000 to purchase with annual fees 

being £3,000 to £11,000. AM system annual maintenance can exceed £10,000 and consumables such 

as recoater blades, build platforms and filter systems can be tens of thousands annually. Currently metal 

powder feedstock can be expensive where 1Kg of L-PBF aluminium can cost £44 while 1Kg of L-PBF 

ready silver, tantalum and gold powders can cost as much as £933, £1100, and £28,000 respectively. 

2.4.2.2.  Design for Additive Manufacturing (DfAM)  

The benefits and limitations of L-PBF processes differ from those of traditional manufacturing and 

therefore an understanding of the specific manufacturing process combined with a different design 

thinking is critical to capitalise on the benefits of AM. While AM does remove many of the constraints 

of more traditional machining and casting manufacturing techniques it does impose its own constraints. 

A comprehensive understanding of the L-PBF process and a DfAM approach must be employed for 

efficient design and optimisation. For example, powder feedstock can potentially be reused and 

therefore effective DfAM can minimise material usage making L-PBF a low waste process with 

environmental advantages. Additionally, component placement and orientation can affect build height 

and support structure requirements which in turn can significantly affect material quantity requirements, 

build time and material usage. Moreover, 70% of a metal AM part cost can be associated to pre and 

post processing requirements where support structures not only increase material usage and build time 

but significantly increase post processing time and cost [2]. Furthermore, as new AM materials, 

software and hardware emerge the design guidelines required for each change dependant on the 
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manufacturing material and process and critically L-PBF design guidelines for specific geometries often 

do not exist.  

2.4.2.3.  Education and training 

Academic research utilising metal AM and L-PBF technologies has increased significantly over the last 

decade due to governmental funding and public interest driving growth. However, as the AM industry 

continues to mature an increasing number of software, materials and hardware innovations continue to 

emerge. L-PBF along with other AM technologies are seeing increased use at academic institutes 

however the high costs can limit the use of metal L-PBF systems limiting education and training 

programmes.  

2.4.2.4.  Repeatability and quality 

Due to the numerous feedstock and process variables [7] consistency and repeatability for quality 

control is an ongoing challenge for the AM industry. Particularly for L-PBF operators in the heavily 

regulated aerospace and medical sectors. Currently no agreed laser calibration techniques exist between 

system manufacturers and therefore materials and parameters must be developed for each system [49]. 

Generally, the strength, surface finish, density and microstructure of a component can all be affected 

by variations in the feedstock materials and L-PBF process and therefore to fabricate components with 

predictable thermal and mechanical properties a comprehensive understanding of material feedstock, 

L-PBF process and laser-material interactions is essential [4,38,50]. Moreover, L-PBF variations due 

to feedstock have also been shown to promote porosity defects [7,21,51,52] affecting structural integrity 

leading to material failure [53,54]. Additionally, powder feedstock morphology and particle size 

distribution can change and degrade over time and therefore effect the powder flowability and packing 

density. Powder properties can be critical in successful L-PBF processing and powder storage itself can 

affect powder feedstock quality having a negative impact on powder L-PBF processability and 

manufactured components.  
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2.4.2.5. Post processing requirements  

L-PBF allows the fabrication of complex metallic structures not feasible with more traditional 

manufacturing techniques. However, to take advantage of the desirable benefits for complex component 

geometry manufacture a key requirement of the process is to fabricate near net shape components that 

require limited post processing support removal or post process finishing. Support removal is time 

consuming and can negatively affect the L-PBF component surface in turn creating crack initiation sites 

negatively effecting mechanical performance [55,56]. Additionally support removal can result in 

component failure and internal supports can be impossible to remove dependant on the component 

geometry.   

2.5. Powder feedstock  

The L-PBF process is complex, and laser and material dynamics dictate which materials are compatible 

with the process. The L-PBF process includes laser diffusion, scattering, heat transfer, material 

absorptivity, phase transformation, surface tension and fluid flow associated with the molten material 

[6]. These complex processes can give rise to a significant number of process variables that affect the 

properties of fabricated components [7]. Although the range of metallic materials that can be processed 

by L-PBF is increasing [57], a recent survey found increased demand for high-performance alloys from 

industries including automotive, aerospace and electronics [58]. The wide range of feedstock material 

and process variables as well as manufacturing variations have been shown to effect several material 

characteristics including surface roughness [59] microstructure [23] and density. Additionally, the rapid 

heating and cooling cycles of the L-PBF process and material properties such as reflectivity, thermal 

conductivity and laser weldability are critical [20,24]. Furthermore, powder morphology and particle 

size distribution will affect powder packing density and flowability and pore defects and pore defect 

morphology in L-PBF are increasingly being documented [51,52,60]. Lack of fusion based porosity 

tends to appear as large irregular shaped pore defects caused by insufficient powder delivery and/or 

insufficient energy at the powder bed, while keyhole and blowhole pores are generally smaller and 

spherical caused as a result of powder gas entrapment created during the L-PBF process [52]. 

Understanding the relationship between feedstock and laser process parameters on fabricated 
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components is critical to analyse the mechanical properties and potential failure modes of AM materials 

and components [53,54].  

2.5.1. Particle size distribution 

Powder Particle Size Distribution (PSD) can have a significant effect on manufactured component 

properties. PSD measurements display the particle size range within a given sample along with the 

powder particle volume sharing that size [22]. Powder PSD results will usually be displayed in a 

cumulative graph which distinguishes the powders mode, mean and median particle sizes displaying 

the frequency along the Y axis with particle size along the X axis [22,61]  (as displayed in Fig 7a, b and 

c). A PSD with excessively low distribution (Fig 7c) can negatively affect powder flowability due to 

due to significant cohesive forces limiting powder flowability [44]. Therefore delivery to the build area 

while an excessively high PSD (Fig 7b) can result in increased defect creation during the process where 

porosity voids and crack initiation sites are created and can result in negative effects on component 

mechanical performance [61].  

 

Fig. 7. Powder particle size distribution curves displaying (a) relatively even PSD (b) high PSD and (c) low PSD (adapted 

from [61]). 

Generally, PSD will usually be displayed in size distributions D10, D50 and D90 which indicate the 

frequency of particle size below 10%, 50% and 90% [22,61]. Fig 8 displays an example PSD curve 

where D10, D50 and D90 are shown to equal 10µm, 30µm and 50µm, respectively. A D10 of 10µm 

indicates that 10% of the particles for the powder sample are less than 10µm. D50 of 30µm indicate 

50% of the particles for the powder sample are less than 30µm and D90 of 50µm indicates 90% of the 
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particles for the powder sample are less than 50µm. The PSD curve can also be seen to display an even 

powder PSD with no excessively low or high variation.  

 

Fig. 8. Powder PSD curve for range ⁓10µm to ⁓50µm (adapted from [22]) 

This is important as a low PSD with a significant proportion of powder particles <10µm results in 

negative L-PBF processability. Additionally, particle distribution and morphology can affect powder 

bed thermal conductivity as an increase in particles will raise the thermal absorptivity and heat transfer 

during laser processing [20]. PSD and powder morphology can significantly affect powder packing 

density. Spherical powder particles are usually desired as they increase apparent density and packing 

density while irregular powder morphology can negatively affect powder packing and apparent density 

which can also negatively effect and the resultant laser material interaction and fabricated components 

and material properties. Therefore, ideally PSD would be optimised for each specific application, 

material and system including recoating and laser optic techniques and characteristics. However, 

currently materials are developed for a range of applications and therefore powder characteristics are 

more generally optimised for flowability, morphology and powder packing that lends itself to L-PBF 

processing.  

2.5.2. Packing density 

Powder PSD can have a significant effect on powder packing characteristics [62]. How powder particles 

are arranged within the powder bed can minimise voids reducing potential defect creation and enhance 
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particle contact [61]. Lower powder packing density can increase gas entrapment porosity and density 

due to less material available for molten track production which can effect powder thermal conduction 

and laser energy reflectivity and absorptivity properties [20]. For L-PBF PSD the loosely packed 

random mixture of particle sizes will generally lead to a packing density of ⁓40% to 60% of the metal 

materials actual density [61]. Carney flow and Hall flow techniques can be used to obtain a powder 

apparent and tapped density [22,61].  

2.5.3. Powder rheological 

Sufficient powder flow is essential for the L-PBF process to ensure acceptable powder delivery to the 

exposure area and homogenous powder layer spread across the build platform [61]. Insufficient powder 

flow can negatively affect powder packing density and resultant laser and material interactions. A PSD 

D90 of 10µm can result in powder unusable for L-PBF due to significant cohesive forces limiting 

powder flowability [63]. Various techniques such as Carney flow and Hall flow can be used for powder 

flow measurement however as they are adapted from more traditional powder metallurgy standards they 

may not translate directly to L-PBF powder processing characteristics [61]. A Rheometer will offer 

more data in regards to powder flow under torque and axial loading and these methods have been used 

to identify the negative influence of powder degradation and reuse when recycling  powders for L-PBF 

processing [54].  

2.5.4. Powder morphology  

Powder morphology can vary dependant on material and powder manufacturing method [64]. Generally 

spherical powder particles with a smooth surface are desired to enhance the powders L-PBF 

processability through optimum packing density and rheological characteristics [22,64].  

2.5.5. Powder degradation  

Powder characteristics will deviate from their original pre-process characteristics following L-PBF 

processing which can effect both powder feedstock rheology behaviour and quality and repeatability of 

L-PBF components [54,61,65]. Therefore powder PSD should be monitored over time to ensure 

morphology and rheology characteristics remain within an optimum range for the process [22]. Powder 
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degradation and contamination is a significant ongoing issue for L-PBF processing particularly with 

highly reactive metals such as titanium and aluminium where oxidation reactions occur readily due to 

L-PBF process but also powder storage. Oxidation layers on powder particles can negatively affect the 

L-PBF process by hindering melt pool creation and increasing porosity defect formation. Furthermore, 

low PSD powders are more susceptible to contamination due to the increased surface area [61].  

2.6. Powder feedstock manufacture   

Correct L-PBF feedstock powder particle PSD, morphology and resultant rheology and packing density 

characteristics are critical for successful L-PBF processing and component fabrication. Therefore, a 

reliable and repeatable powder manufacturing method is required. Several powder manufacture 

techniques are currently employed for L-PBF powder production with gas atomisation currently being 

the most common [2,3]. Fig 9 displays a schematic of the gas atomisation process. The gas atomisation 

process begins with molten metal material heated in a crucible. The molten metal then flows through a 

nozzle in a high-pressure fluid stream. Nozzle fluid stream characteristics will be dependent on material 

being atomised. The nozzle and fluid stream separates and quenches the metal particles collecting them 

in the atomiser chamber. Dependant on atomiser system the powder is then separated and sieved into 

correct PSD for material and application [22,66].  
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Fig. 9. Gas atomisation process (adapted from [66] 

The optimum and correct manufacture of powder feedstock for L-PBF processing is critical to control 

powder characteristics to limit elemental impurities and ensure optimum morphology, particle 

distribution and maximise yield for cost efficiency [54]. Metal powders suitable for L-PBF are relatively 

expensive when compared to feedstock for traditional manufacturing techniques due to the additional 

processes required to make the powders suitable for the process and useable yield can be significantly 

reduced by particle distributions required for AM flowability and powder density. The cost of common 

atomised L-PBF materials can range widely with atomised aluminium costing ⁓£44 for 1Kg dependant 

on the alloy and titanium alloys costing £346.02 for titanium-aluminium-vanadium (EOS Ti64) and 

£397.18 for 1Kg of commercially pure titanium (EOS TiCP). Alternatively, more novel materials such 

as atomised silver and 18k gold can cost ~£998 and ⁓£28,000 for 1 Kg dependant on the fluctuating 

price of precious metals.   
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2.7. L-PBF materials 

Recently the metal AM sector has experienced significant growth with existing none AM powder 

suppliers turning to AM supply and new companies appearing for AM and L-PBF specific metal powder 

supply [2]. Currently L-PBF has by far the widest range of offerings for metal materials however 

relative to traditional manufacturing techniques L-PBF metal material selection is still limited 

particularly in regards to certification [2]. However, the number of metallic materials available for L-

PBF processes has grown steadily due to improved hardware and laser processing technology 

advancements. However, L-PBF processing parameters for all system manufacturers are yet to be 

established and more research and development is required for material validation particularly with 

more novel emerging materials. Currently metal materials available for L-PBF include: 

o Steels (tool and stainless) 

o Pure titanium  

o Titanium alloys  

o Aluminium alloys  

o Nickel alloys  

o Cobalt chromium alloys  

o Pure copper  

o Copper alloys  

o Gold alloys 

o Silver alloys  

o Platinum  

o Refractory metals (tantalum and tungsten) 

While the L-PBF process creates components with near full density, porosity can be created by the rapid 

heating and cooling, gas entrapment and lack of fusion [28,67,68] (among others)  which can result in 

crack initiation points resulting in L-PBF parts suffering from reduced fracture toughness and fatigue 

properties in comparison to traditional manufactured materials. The rapid solidification and thermal 

cycling seen with the L-PBF process is caused by the relatively small amount of material being 
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solidified at one time and as such and the resultant microstructure is generally finer [9,69], and the 

chemical composition can be more uniform throughout the structures when compared with traditional 

techniques. Therefore, metal AM components often outperform cast and forged components of the same 

materials. Steel alloys currently account for the largest proportion of metal AM materials followed by 

nickel and titanium with aluminium alloys seeing increasing use [2]. Available materials from system 

suppliers grow with each passing year and recently AM specific companies have been emerging 

developing both custom metal materials and L-PBF parameters for standard industry alloys difficult to 

laser process such as high strength aluminium alloys. L-PBF systems use various laser hatching and 

scanning strategies dependant on system and material being processed. The laser scanning strategies 

and related processing parameters dictate the energy applied at the powder bed and resultant laser and 

material interactions. However, energy absorption will also depend on the associated parameters and 

the material composition and properties such as thermal conductivity and reflectivity, among others 

[9,70]. Therefore while highly conductive and reflective materials offer much potential for many 

applications [10,71–75] their desirable properties offer challenges for L-PBF processing.  

2.8. Ag and Cu 

Copper (Cu) and silver (Ag) metallurgy dates back to pre-1000 B.C. Pure Cu, pure Ag and varying Cu-

Ag alloys have been discovered in the Andes and Mesoamerica regions and archaeologists have 

previously discovered Peruvian Cu-Ag artifacts that date back to 1000 B.C. Pure Cu and Ag with face 

centered cubic (fcc) atomic lattice structures [76,77] but varying atomic radii (132pm and 144pm) result 

in relatively large lattice mismatches in the Cu-Ag alloy system [77,78]. However, at α⁓12%  the Cu-

Ag system still conforms to the Hume–Rothery criteria for fcc metals, and therefore with atomic size 

differences within 15% [76,78] Cu and Ag are able to form a substitutional solid solution alloy. 

Therefore, the Cu-Ag system is of significant interest and as such has seen investigations relating to 

alloying behavior, atomic vacancy effects, miscibility, phase stability and recrystallisation [78–81] 

utilising atomistic and molecular dynamic simulations, electrodepositing, casting and XRD 

[76,77,79,81,82]. Despite this L-PBF Cu-Ag alloy crystal lattice structures at relatively high Ag content 

(Ag10%, Ag20% and Ag30%) have not seen investigation. A recent study [83] utilising Scanning 
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Electron Microscopy (SEM), Transmission Electron Microscopy (TEM) and Energy Dispersive X-ray 

(EDX) compared modern Ag-Cu alloy microstructures with that of cast artifacts from 2500 years prior. 

Both ancient and modern microstructures displayed similar silver rich dendritic microstructures with 

oxidised outer surfaces [83]. Additionally Cu-Ag drinking containers have been discovered dating back 

to A.D. 1000 – 1476 [81] and artifact alloy composition was dependant on artifact application 

suggesting an understanding of Cu-Ag alloying and resultant mechanical and antimicrobial 

performance properties.  

Modern Ag and Cu applications are diverse and numerous due to their desirable biomedical, thermal, 

and electrically conductive properties. Accordingly, Ag and Cu are receiving increasing interest as base 

and alloying elements for applications including renewable energy, biomedical, electronics, and thermal 

management [77,84–88] utilising various manufacturing techniques such as powder metallurgy, 

electron beam welding and AM [23,73,85,89]. Highlighting the benefits of Ag, Gohar et al. [90] 

synthesised aluminium-copper-silver (Al-Cu-Ag) alloys through powder metallurgy with varying Ag 

content and investigated the resultant microstructure, thermal and mechanical properties. It was reported 

that the addition of Ag resulted in increased hardness, compression strength, thermal conductivity, and 

diffusivity [90]. 

Szaraniec et al. [84] utilised powder metallurgy techniques to create titanium-silver (Ti-Ag) alloys with 

varying Ag content and investigated the effect on material microstructure and mechanical properties. 

The subsequent changes in material microstructure and phases were found to lower the compressive 

stress by 80% and hardness by 30% with a 10% increase of Ag from TiAg10 to TiAg20 [84]. Sun et al. 

[91] created molybdenum-copper-silver (Mo-Cu-Ag) alloys through a sintering technique to investigate 

Ag addition between 0.5% - 2%. The resultant microstructure, coefficient of thermal expansion (CTE), 

and electrical and thermal conductivity properties were reported with results showing a homogeneous 

microstructure and an increase in electrical and thermal conductivity with the Ag content at 1.5%, while 

Ag content had a negligible effect on material CTE  [85]. 
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Although these studies highlight the benefit of Ag addition for desirable material properties the 

manufacturing techniques utilised for Ag alloy fabrication are limited and there is little research 

available utilising the potential benefits of AM technologies for Ag fabrication. Due to the significant 

cost differences between pure Ag and Cu; Cu and its alloys are becoming increasingly popular and 

research is being carried out that utilises the potential benefits of AM technologies [23,24,28,92,93]. 

For example, tungsten-copper (W-Cu) alloys have been investigated utilising AM in several studies 

[59,89,94,95] with the development of Cu-Cr alloys also being reported [45].  

2.8.1. Ag and Cu for thermal applications  

Thermal transfer and heat dissipation are becoming increasing and challenging problems for many 

industries and applications [39,96–99]. Therefore the thermal management market is seeing significant 

research and global growth fuelled by interest from industries such as consumer electronics, automotive, 

aerospace and defence, healthcare, oil and gas and renewable energy [11,39,100]. Heat transfer 

enhancement of just a few percent can have a significant impact on cooling applications [38] and 

efficient thermal management can reduce energy and material waste while increasing component 

reliability and life [42]. Emerging devices and systems such as those in Electric Vehicles (EV), radio 

frequency systems, high power light-emitting diodes, solar cells and solid-state laser light sources all 

have significant heat dissipation requirements [42,101,102] and therefore research for efficient thermal 

management is rapidly progressing. Even small improvements in heat transfer efficiency can have a 

significant impact on cooling [38] and it is widely agreed that the localised high heat fluxes and non-

uniform heat dissipation requirements for many industries will require advances in materials and 

manufacturing technologies to effectively dissipate the thermal loads for future systems and devices 

[11,39]. 

AM is at the forefront of potential technologies that can enable high-efficiency thermal management 

devices [17,103,104] through improved geometries and materials with high heat transfer properties 

[38,105,106]. The need for metals, as opposed to other materials, is due to their high thermal transfer 

properties while offering good mechanical strength [5] [107]. In this regard, the most promising AM 
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technology suitable for the creation of complex metallic thermal transfer components is L-PBF 

[39,108,109].  

Ag and Cu exhibit exceptional thermal properties in comparison to other metals being ~425 W/mK and 

~397 W/mK respectively [110]. As such Ag and Cu are seeing increasing research in AM as a base and 

alloying elements for thermal management [9,91,92]. However, studies report the requirement of high 

powdered lasers (~1 kW) to achieve acceptable densities [24] while others report the highest densities 

of only 85.8% for high purity Cu [10]. In addition to their pure form, Ag and Cu are also being explored 

as alloying elements to exploit their desired properties [111,112] compounding the interest in their laser 

processing. So far L-PBF processing of high purity Ag, Cu and Cu-Ag alloys for thermal management 

applications has only seen limited research with varying success [10,27,28,93,113]. 

Gohar et al. [90] investigated the thermal and mechanical properties of copper-aluminium (Cu-Al) 

alloys with Ag addition achieved through sintering. The results of this study showed that the presence 

of even 2 wt.% Ag in Al-Cu (Cu10%) alloy increased hardness and compression strength while 

simultaneously increasing thermal conductivity. 

Furthermore, Sun et al. [91] added Ag to Molybdenum (Mo) and Copper (Cu) sintered powders and 

investigated the microstructure, electrical and thermal conductivity. Results showed that Ag as an 

alloying element had a positive effect on both thermal and electrical conductivity of components. An 

addition of 1.5% Ag gave the finest grain size with a desirable homogeneous microstructure whilst 

increasing thermal and electrical conductivity [91].  

2.8.2. Ag and Cu for electrical applications  

Electrical machines and electromagnetic applications utilising induction and electric motors offer much 

potential for green energy technologies including renewables and electric powertrains [114]. Electrical 

machine applications require the generation of a magnetic field usually created through highly 

conductive metal coil windings [74,115] and consequently materials such as copper, silver, gold and 

aluminium with low electrical resistivity are desirable for coil fabrication [116]. While gold, silver and 

copper have lower electrical resistivity than aluminium the relatively high price of gold and silver limit 



32 

their use in most applications. Therefore, pure copper is commonly used for coil fabrication. Coil 

windings for electromagnetic applications are conventionally handmade yet compact winding 

geometries are increasingly desirable for automotive and aerospace applications [115]. However, the 

high magnitude magnetic fields required for high frequency electrical machines can have challenges 

related to coil and winding geometries, AC losses, power density and electrical loading capacities 

[74,114,115]. Electrical energy unsuccessfully converted can result in heat losses and motor 

inefficiencies due to negative effects on motor torque and rotational speed. Improving AC performance 

can be achieved through semi closed slots or adjusting the height of the winding however these 

mitigations can lead to compromised DC performance and manufacturing complications [74]. The 

automotive industry generally uses permanent magnets in their electrical machine rotors due to the high-

power density and efficiency. However, one drawback is the temperature sensitivity of these magnets 

[115] and thermal management can be required to ensure excess heat is removed for optimum motor 

efficiency and life functionality [115]. Generally, the highest temperatures are created in the coil 

windings and additional electrical resistance can further increase temperature in turn reducing 

efficiency. Therefore effective design optimisation of electromagnetic windings and coils through 

application specific materials and geometries offer significant potential to control electrical 

conductivity and electrical machine temperatures ensuring optimum electromagnetic performance 

[115,117]. Consequently, L-PBF technologies offer much potential for electrical machine component 

manufacture reducing cost and weight through complex and optimised geometries not feasible with 

more traditional manufacturing techniques [117].  

Due to the significant potential of combining beneficial Cu material properties with the benefits of L-

PBF for many applications academia and industry are exploring various solutions to mitigate Cu laser 

processing issues with material purity [118], material composition and alloying [113,119], different 

wavelength lasers [70,120] and higher power lasers [24,121] all being investigated. Furthermore, Cu’s 

oxidisation tendency can also result in the formation of oxide layers on powder feedstock and during 

the L-PBF process compounding Cu processing challenges [122]. Therefore, inert gas powder storage 

and L-PBF build environment control such as custom gas mixtures and reducing L-PBF process oxygen 
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content also offer potential for improved laser processing and component fabrication. However, 

currently gas mix and oxygen reduction studies have focused on titanium L-PBF processing [123–125] 

and copper feedstock oxygen content utilising electron beam processing [23,126].  

Silbernagel et al [10] utilised a relatively low powered laser (200W) and small spot (35 micron) L-PBF 

system to maximise available laser energy and assess the L-PBF processing of high purity (99.9%) Cu 

for electrical conductivity applications. Although maximum densities achieved ranged between 80.3–

85.8% (dependant on scan strategy) the relatively porous L-PBF Cu had lower electrical resistivity than 

L-PBF aluminium alloy AlSi10Mg achieving 54% International Annealed Copper Standard (IACS) in 

comparison to AlSi10Mg which achieved 29% IACS [10] respectively. Based on recent research it is 

generally agreed that L-PBF processing high purity Cu with acceptable densities (>54% IACS) for high 

electrical performance applications require nonstandard higher power infrared lasers (>500W) and/or 

small spot size laser, different wavelength lasers and/or material alloying which can improve L-PBF 

processability yet negatively affect electrical conductivity properties.       

Nevertheless, industry and academia alike continue to investigate the L-PBF processing of high purity 

Cu and Cu alloy variants a number of which have begun to emerge from L-PBF materials [127] and 

system manufacturers [118]. For example, numerous powder suppliers including Carpenter Additive, 

Praxair and Elementum 3D all supply their own Cu variants. Additionally, market-leading system 

manufacturer and material supplier EOS GmbH have recently released three Cu material variants [118]. 

EOS copper CuCP has Cu purity above 99.95% and is described as an excellent thermal and electrical 

conductor suitable for electrical motors and inductor applications reported to be capable of achieving 

up to 100 % IACS [118] (with a 1KW laser system). EOS CuCrZr is a copper-chromium-zirconium 

alloy with moderate conductivity properties developed for rocket engine, inductor coils and heat 

exchanger applications capable of achieving >85% IACS [118]. EOS Copper Cu is a high purity Cu 

with good electrical and heat conductivity properties for heat exchanger and electrical applications 

reported to be capable of achieving >90 % IACS [118]. However, each Cu variant requires its own 

material feedstock characteristics in combination with specific L-PBF processing parameters where 

laser power, layer thickness, hatch distance and scan speed parameters among numerous others need to 
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be specified for successful Cu fabrication. Due to increased industry interest, the L-PBF processing of 

Cu and Cu alloys are receiving much attention, however, the electrical conductivity properties of 

different Cu feedstocks and purity variants are yet to be reported.  

Further to this Bradley et al. [88], also reported the benefits of  addition in the renewable energy and 

electronic industries. Although not utilising L-PBF technologies Bradley et al. [88] reported a 12% 

improvement in the efficiency of solar cells due to silver nanoparticle additions while stretchable silver 

nanowires have resulted  in the development and creation of  wearable electronic devices [128]. 

Furthermore, Sun et al. [91] added Ag to Molybdenum (Mo) and Copper (Cu) sintered powders and 

investigated the microstructure, electrical and thermal conductivity. Results showed that Ag as an 

alloying element had a positive effect on both thermal and electrical conductivity of components. An 

addition of 1.5% Ag gave the finest grain size with a desirable homogeneous microstructure whilst 

increasing thermal and electrical conductivity [91].  

2.8.3. Ag and Cu for antimicrobial applications  

The 2019 global pandemic following the COVID-19 outbreak has highlighted the requirement for 

antimicrobial materials that can reduce virus transmission and spread reducing the negative health and 

economic effects of contagious viruses and/or microbes that are transmitted through respiratory droplets 

or contaminated surfaces. Airborne droplets below five microns can contain infectious viruses and can 

remain suspended in the air for three hours [129]. Surfaces on the other hand can sustain infectious 

viruses from a few hours to nine days depending on the surface material and morphology [130]. For 

example, stainless steel that is widely found in hospitals and medical settings can sustain virus survival 

for 7 days [131]. Additionally, increased antibiotic resistance is causing serious complications for 

millions of people globally who suffer from inflammatory and degenerative diseases [132,133] and the 

number of people requiring invasive surgery will double in the next decade [134]. Furthermore, despite 

advances in aseptic techniques surgery related infections remain a common complication [135] and 

antibiotics are becoming ineffective for some infections which can lead to life threatening complications 

[136]. Drug and antibiotic resistance combined with increasing concern regarding viral mutations have 

resulted in increasing research regarding the search for alternative antimicrobial therapies [137,138]. 
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Due to the potential of wide-spectrum antimicrobial properties metallic ions for antimicrobial 

applications are being increasingly investigated [139].  

Certain metallic ions have been shown to possess antimicrobial properties that make them suitable for 

antiviral surfaces to reduce surface contamination [140–142]. Ag has wide spectrum antibacterial, [143] 

antifungal, and antiviral properties due to positive silver ions (Ag+) interfering with virus RNA/DNA 

[141]. Ag nanoparticles have been reported to have effective antiviral effects for a wide range of viruses 

including respiratory viruses paramyxoviridae, influenza and recently SARS-CoV-2 [138,144]. Ag+ 

ions inhibit bacterial growth through the suppression of respiratory enzymes and electron transport 

interfering with virus DNA functions. Ag+ ions can supply long-duration antiviral properties and are 

nontoxic to humans and therefore can be used in Class I surface devices [145] making them suitable for 

wound dressings, pin site infections, face visors, and masks amongst others. However, the relatively 

high-cost offers challenges for large-scale implementation; particularly single-use products [141]. 

By similar mechanisms Cu and its ions (Cu+) have been highlighted with antiviral properties with the 

advantage of having a relatively lower cost [146,147]. Hutasoit et al. [146] used the cold spray Additive 

Manufacturing (AM) technique to develop Cu coating on stainless steel touch surfaces showing a 99.2% 

virus inactivation after 5 hours [146]. A recent review by Cortes et al. [142] also demonstrates the 

potential for Cu nano-compounds for antiviral filters, face masks, clothing, and surfaces stating 

significant viral inactivation in four hours [142]. A recent trial by Purdue University [147] embedded 

Cu nanoparticles within mask fibres for potential antimicrobial benefits. While the antimicrobial 

properties of Ag and Cu are being widely reported, the requirement of these and other novel materials 

to fight pathogenic microorganisms is increasing primarily as a result of the rise in antibiotic-resistant 

microorganisms. Therefore, the use of metals such as Cu and Ag show promising potential for 

antimicrobial applications due to the broad-spectrum antimicrobial properties combined with ion 

release and redox reactions [142,143,146,148]. However, the antimicrobial properties of L-PBF Ag and 

Cu have seen limited research. Additionally, the COVID-19 pandemic has also emphasised supply 

chain and manufacturing limitations causing shortages of essential COVID-19 related supplies 

including Personal Protective Equipment (PPE), nasopharyngeal swabs, and ventilators [130,149,150] 
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highlighting the requirement for on-demand and redistributed manufacturing where AM and L-PBF 

processes could be utilised. 

Additionally, millions of people globally suffer from inflammatory degenerative bone and joint diseases 

[132,133] with a significant percentage of all chronic diseases in people aged 50 and over in developed 

countries [152]. Implant-related infections account for significant healthcare costs with long recovery 

time adding to the economic burden with estimates being around $1.62 billion in 2020 for the US alone 

[153]. Additionally, the number of people requiring invasive surgeries related to bone diseases will 

double in the next decade [134]. Despite the significant advances in invasive surgery and aseptic 

techniques, implant-related infection remains a common complication [135] and even systematically 

introduced antibiotics are largely ineffective for peri-implant infections leading to life-threatening 

complications [136] (primarily due to antibiotic resistance, insufficient drug penetration, and 

suboptimal bioavailability at the implant site). Furthermore, infection can result in the need for implant 

removal and resection of the infected tissue. As such research regarding multifunctional bone scaffolds 

that offer protection against infections are being increasingly investigated [154–159]. Biomedical 

applications such as orthopaedic implants have shown benefits of L-PBF AM and Ag addition. Hengel 

et al. [151] utilised titanium alloys and L-PBF technologies to fabricate porous orthopaedic implants 

with embedded Ag nanoparticles. The porous AM implants were shown to outperform solid implants 

of similar geometries showing strong antimicrobial activity without cytotoxicity. Permeable implants 

loaded with releasable antibiotics [160–163], antibacterial metals [164], and antimicrobial surface 

coatings [165] have also all seen investigation. Moreover, the use of metallic ions as infection resistant 

agents are being increasingly investigated due to wide-spectrum antimicrobial properties [139] where 

metallic ions such as Ag [166–170], Zinc (Zn) [171–174] and Cu [175–178] are utilised as surface 

coatings to reduce implant infection. Metallic ions are favoured over targeted antibiotic delivery due to 

the growing concerns over antibiotic resistance with Ag ions offering significant potential with well 

documented antimicrobial properties for super bugs such as methicillin-resistant Staphylococcus aureus 

(MRSA) [179]. Additionally, Ag has also been shown to be infection resistant without altering 

biocompatibility [139] and consistent Ag release can destroy mature bacterial biofilms [180].  
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Cu, Ag and Zn ions display broad-spectrum antimicrobial properties suitable for infection resistance 

[151,188,189]. However Ag is the most promising material as it features well-established antimicrobial 

properties and offers low cytotoxicity to osteoblast responsible for bone regeneration [189]. The 

mechanism of antimicrobial response in Ag involves two primary phases: In the first phase Ag ions 

binds with the bacterial membrane causing damage resulting in the condensation of deoxyribonucleic 

acid (DNA); in the second phase the penetrated membrane generated ‘reactive oxygen species’ (ROS) 

exerts oxidative stress further extending the antimicrobial capacity. Nevertheless, it is worth noting that 

so far the studies on establishing antimicrobial properties on implants either feature porous implants 

loaded with Ag nanoparticles [190] or specialist biofunctionalised Ag coatings [168,181,191]. While 

these routes offer potential for developing targeted antimicrobial treatments and implants, they do 

extend the time, cost, and complexity of the manufacturing process itself. In this regard, an alternative 

route that allows the direct AM of Ag influenced antimicrobial scaffolds suitable for on-demand 

implants is warranted. Moreover, there is currently no information in literature regarding the 

antibacterial performance of L-PBF Ag.  

2.9. L-PBF of Ag 

Conventional manufacture of Ag relies on forging, lost-wax casting, rolling, hand fabrication or 

machining. Ag classed as a precious metal is highly reflective, thermally and electrically conductive 

with antimicrobial properties [91,128,151] and therefore, Ag and Ag alloys are increasingly being 

investigated for use in various applications including electronic, biomedical, renewable energy and 

thermal management [88,90,112,128]. However, traditional manufacturing processes can reduce design 

freedom and increase material consumption when compared to advanced fabrication techniques such 

as L-PBF [18,192].  

Previous L-PBF processing of Ag has seen limited attention as the material and powder characteristics 

and required processing parameters are not fully understood in relation the L-PBF process. Gebhardt et 

al [93] investigated the processing of silver using a Realizer SLM-50 with a 1070 nm wavelength, 100W 

Yb:YAG fibre laser and ⁓15 µm spot size. Associated processing parameters for successfully part 

fabrication were discussed however no material performance properties were reported and as powder 
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PSD investigated was 2 µm – 54 µm any changes in powder feedstock and/or variations in system 

hardware would result in new process parameters being required.  

While the high reflectivity and thermal conductivity of Ag can give rise to challenges for the material 

to be L-PBF processed [93] it is important to note that silver can reflect upwards of 98.8% laser 

wavelengths between 650 nm and 1060 nm creating significant issues for L-PBF processing [70]. 

Therefore, while Ag as an alloying element is being increasingly studied, the L-PBF of high purity Ag 

and resultant mechanical, thermal, electrical, and antimicrobial performance are yet to be reported 

leaving a significant gap in knowledge.  

2.10. L-PBF of Cu 

Cu and its alloys are becoming increasingly popular for thermal, electrical, and antimicrobial 

applications due to its relatively lower cost and desirable properties and research is being carried out 

that utilises the potential benefits of AM technologies [23,24,28,92,93]. As discussed for L-PBF 

processing powder feedstock characteristics and material composition and related properties such as 

absorptivity and reflectivity are fundamental [6,7] for successful laser processing. Therefore, the L-PBF 

processing of highly reflective and thermally conductive Cu can be challenging [8–10] due to pure Cu 

high reflectivity at laser wavelengths of 1000 to 1100 nm [10]. These wavelengths are commonly used 

in commercially available L-PBF systems and can result in energy absorption of <2% for pure Cu. In 

turn this can result in insufficient energy absorption for melt pool generation and subsequent weld track 

production. Therefore, it has been argued by researchers [24,121,193] that the 400W fibre lasers found 

on many conventional L-PBF systems will not have sufficient laser power to process very reflective 

and conductive high purity Cu and it is generally agreed that high powered lasers are a requirement to 

achieve acceptable structure densities for high purity Cu [24]. However, energy density supplied at the 

powder bed is also affected by scan speed and hatch distance parameters, scanning strategy as well as 

L-PBF hardware characteristics such as laser power and laser spot size.  

Silbernagel et al [10] conducted investigations processing pure Cu with a 200W laser power L-PBF 

system and relatively small 35 µm laser spot size. Parameter development concluded maximum laser 
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power of 200W, and scan speed of 300 mm/s offered optimum energy for pure Cu processing. 

Additionally, hatch distance and scan strategies did not improve quality or density. Maximum density 

achieved with the optimum parameter set was 85.8% however despite the relatively high porosity 

content samples had lower electrical resistivity in comparison to AlSi10Mg L-PBF material. Colopi et 

al. [24] conducted investigations utilising a 1 kW fibre laser to L-PBF process 99.9% pure Cu powder. 

Results concluded that despite the high reflectivity and absorptivity of pure Cu the 1060 nm wavelength 

lasers are feasible for Cu L-PBF components. Nevertheless, due to high reflectivity, process stability 

required relatively high laser power of 600W. Similarly Imai et al [194] investigated L-PBF processing 

99.9% Cu with a relatively high power laser reporting optimum process parameters of 800-900W laser 

power and 300 mm/s scan speeds achieving maximum density of 96.6%. Interestingly while optimum 

scan speed matched that of Silbernagel et al [10] Imai et al investigations concluded hatch distance was 

an important factor for improved density contradicting Silbernagel et al. However, this is likely due to 

differences in powder feedstock PSD and/or laser power and laser spot size characteristics. A recent 

study conducted by Gargalis et al [193] utilised L-PBF to process 99.9% Cu investigating energy 

absorption of pure Cu powder and required processing parameters. Investigations concluded that the 

absorptivity of Cu powder is four times that of the bare pure Cu material and higher laser power and 

larger layer thickness can improve the L-PBF process efficiency by improving effective energy 

absorptivity. Investigations concluded for a 100 µm layer thickness laser power above 500 W along 

with a scan speed up to 150 mm/s are required for effective melting of the feedstock powder however 

even at 540 W, the laser energy delivered at the powder bed was insufficient for stable powder melting. 

Therefore, the current consensus is that high laser power L-PBF systems are required for processing 

high purity Cu. Importantly however L-PBF processing of Cu with higher powered lasers  

(>600W) can damage AM system optical mirrors through laser reflection [195] resulting in system 

downtime and repair. Therefore, while the L-PBF processing of pure Cu discussed highlights the 

potential for successful density and component fabrication the varying material PSD’s, system hardware 

and laser characteristics and processing parameters do not allow for comparative analysis leaving a gap 

in literature for 400W L-PBF processing of varying high purity (>99%) Cu compositions and material 

PSD with matching system hardware.  
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2.11. L-PBF of Cu-Ag alloys 

Research has shown that Ag addition can increase hardness and compressive strength of aluminium-

copper-silver (Al-Cu-Ag) alloys [90], lower compressive stress and hardness in titanium-silver (Ti-Ag) 

alloys [84] and increase electrical and thermal conductivity in molybdenum-copper-silver (Mo-Cu-Ag) 

alloys [85]. Cu and its alloys are gaining popularity due to desirable thermal and electrical properties 

and relatively lower material cost (compared to Ag) and as such are undergoing research utilising L-

PBF [45,59,89,94,95]. Additionally, L-PBF in situ alloying has been shown to be a feasible 

manufacturing technique resulting in desirable material performance for various alloys [25,196–198]. 

For example, studies investigating L-PBF in situ alloying of titanium-tantalum (TiTa), aluminium-

copper (Al-Cu) and aluminium-silicon (Al-Si) have recently been reported. Huang et al [196] utilised 

L-PBF to fabricate Ti-Ta alloys with 0, 10, 30 and 50% Ta content and investigated the resultant 

mechanical and biocompatibility properties. Ti50Ta was shown to be biocompatible however as built 

samples displayed randomly dispersed Ta particles in a Ti-Ta matrix with unmolten Ta particles visible 

by optical microscopy. Although difficult to process due to reflective and thermal conductive properties 

Martinez et al [199] successfully fabricated Al-Cu alloys through L-PBF in situ alloying and reported 

the resultant mechanical performance. Samples displayed homogenous microstructures consisting of an 

Al rich matrix and mechanical performance was shown to be comparable to more traditionally 

manufactured samples. However, while the studies discussed highlight the potential of L-PBF in situ 

alloying of difficult to process thermally conductive materials the L-PBF in situ alloying of Ag and Cu 

with relatively large Ag content has yet to be reported leaving a gap in knowledge. L-PBF processing 

of reflective and thermally conductive materials such as Ag and Cu is known to be difficult [8–10] with 

some studies reporting maximum pure Cu densities of 85.8% utilising L-PBF [10]. Subsequently Ag 

and Cu are usually utilised as alloying elements to exploit their desired properties [111,112].  

2.11.1. Annealing Cu-Ag alloys  

L-PBF Cu-Ag alloys have seen limited investigations, with relatively high Ag content alloys of 10%, 

20% and 30% yet to be investigated or reported in literature. However, cast Cu-Ag alloys with high 

compositions have been investigated. Shannon et al. [81] studied ingot cast Cu-Ag alloys at 
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compositions including CuAg30, CuAg20 and CuAg5 and reported the recrystallisation and optimum 

annealing process. For cast and work hardened Cu-Ag alloys the investigations determined the 

recrystallisation temperature for CuAg30 to be 500ºC for a 30 minute anneal time. During annealing the 

internal residual stresses introduced by the work hardening were shown to be relieved without change 

in strength or hardness [81]. Although not work hardened, the L-PBF process is known to create internal 

stresses within fabricated components due to the rapid heating and cooling cycles associated with the 

L-PBF process [200,201]. 

2.12. Opportunities for L-PBF of Ag and Cu 

Recent developments in computer-aided simulation, design tools [93,202], custom materials [5,203] 

and advanced manufacturing techniques [204,205] allows the potential for novel approaches to solve 

complex problems removing the limitations associated with traditional manufacturing. Combining 

functional materials with regenerative design and L-PBF technologies are already driving innovations 

in custom materials and manufacturing [45,206]. For example, Alloyed, Elementum 3D and M4P are 

all relatively new companies that are developing novel metallic materials and Metal Matrix Composites 

(MMC) for metal L-PBF processes. The new generation of emerging design tools, materials and 

manufacturing technologies are being exploited by numerous industries for application-specific 

solutions [45,120,202]. For example, a high-performance Cu alloy has been developed by Additive 

Manufacturing Custom Machines (AMCM) for the largest 3D printed rocket combustion chamber 

[207]. In doing so AM company Launcher reduced cost, lead time and part complexity fabricating a 

single piece chamber that enabled the highest performance liquid rocket engine to aid the development 

of the world’s most efficient rocket launcher for small satellite systems. Additionally, Additive Drives 

utilises high powdered L-PBF systems and high purity Cu to fabricate high-efficiency windings for 

electric motors [208]. Achieving electrical conductivity of 100% International Annealed Copper 

Standard (IACS) combined with the design and manufacturing freedoms of L-PBF is driving a new era 

in 3D printing electric motors. Australian company Conflux Technologies utilises L-PBF to fabricate 

high-performance heat exchangers that are challenging to be manufactured through traditional 

fabrication techniques resulting in performance enhancement in heat transfer and pressure drop by three 



42 

times at a 50% reduced weight [209]. The examples discussed thus far emphasise the increasing trend 

regarding application-specific materials that can be processed using L-PBF for high-performance 

components and systems and it is worth noting that Ag and Cu materials excellent thermal, 

antimicrobial and electrical conductive properties [10,74,77,86,143,210,211] could offer superior 

performance for numerous applications such as renewable energy, biomedical and electronics 

[77,85,88,211–213]. Consequently, the research reported in this thesis could offer future design 

engineers the ability to dictate the optimum material composition for specific mechanical, thermal, 

electrical, and antimicrobial performances.   

2.13. Green and e-beam lasers for L-PBF of Ag and Cu 

The L-PBF process is complex due to feedstock and process variables and mechanisms such as phase 

transformation, fluid flow, heat transfer, laser diffusion, scattering, absorptivity and reflection [6]. Laser 

wavelengths in the infrared range (1060 -1090nm) are commonly utilised in L-PBF systems due to their 

compatibility with common L-PBF steel materials, the powders of which only reflect ⁓40% of the 

thermal energy [214]. However Ag and Cu are extremely reflective at infrared laser wavelengths and 

can reflect ⁓98% of the laser energy [215]. Additionally, powder feedstock (Cu) can still reflect ⁓71% 

[214]. Due to the significant potential of combining beneficial Ag and Cu material properties with the 

benefits of L-PBF for many applications academia and industry are exploring various solutions to 

mitigate laser processing issues with material purity [118], material composition and alloying 

[113,119], different wavelength lasers [70,120] and higher power lasers [24,121] all being investigated. 

However, based on recent research it is generally agreed that L-PBF processing high purity Cu with 

acceptable densities requires nonstandard higher power infrared lasers and/or small spot size lasers, 

different wavelength lasers and/or material alloying. For example Colopi et al [24] reported the 

successful L-PBF processing of high purity Cu with an infrared laser. However, laser powers >600W 

were required. Gargalis et al [193] investigated laser processing, laser energy absorptivity and meltpool 

depth for a 100 micron layer of high purity (99.9%) Cu powder. The energy absorptivity of a 100-

micron layer was found to be ⁓X4 that of a polished solid Cu sample due to the lower thermal 

conductivity and less reflective nature of Cu powder. However, relatively high laser power (>500W) 
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and slow scan speeds (⁓150mm/s) were still required for pure Cu powder layer melting and even 540W 

(maximum power available) laser power was insufficient to create stable keyhole melting of powder on 

a solid build plate. Contrastingly Silbernagel et al [10] utilised a relatively low powered laser (200W) 

and small spot (35 micron) L-PBF system to maximise available laser energy achieving densities 

between 80.3–85.8% dependant on L-PBF parameters and scan strategy.  

2.13.1. Electron beam 

Electron beam (E-beam) AM is similar to L-PBF however as the name suggests uses an E-beam rather 

than laser energy source. Electron absorption is different to that of photons and therefore material 

reflection and absorption mechanisms are different offering much potential for AM processing of Cu 

and Ag. Additionally, as Cu has an oxidation tendency the vacuum environment of the E-beam process 

offers the potential for further improvement [216]. 

2.13.2. Green lasers 

As common infrared lasers (wavelength 1060 -1090nm) can reflect ⁓98% of the laser energy [215] and 

Cu powder feedstock can still reflect ⁓71% [214] academia and industry are exploring various solutions 

to mitigate laser processing issues with different wavelength lasers [70,120]. Although relatively new 

green lasers in particular are seeing increasing interest and success for L-PBF processing high purity 

Cu [120].  
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Chapter 3 L-PBF of high purity Ag 

3.1. Introduction 

Ag is highly reflective, thermally and electrically conductive with antimicrobial properties [91,128,151] 

and therefore, Ag and associated alloys are being increasingly investigated for use in various 

applications including thermal management, biomedical, renewable energy and electronics  

[71,88,112,128,151]. However, as a precious metal atomised Ag is significantly more expensive at 

around £933.00 per Kg in comparison to more common L-PBF metallic materials such as nickel, 

titanium, and aluminium alloys that cost £115.00, £261.78, and £44.40 per Kg (at time of writing) 

respectively. Furthermore, with Ag density 236% and 393% that of the most common L-PBF titanium 

(Ti64) and aluminium (Alsi10Mg) alloys the volume of Ag per Kg purchased is significantly less 

creating additional barriers for powder bed processing where certain volumes of material are required 

for the powder dispenser and build areas displayed in Fig. 4. Therefore, pure Ag has seen limited L-

PBF investigations reported in literature. Accordingly, this chapter investigates the feasibility of 

additively manufacturing pure Ag using 400W L-PBF as a start point for the development of high-

performance AM materials for biomedical, renewable energy, electronic and thermal management 

industries.  

As discussed the reflective and conductive properties of materials like Ag and Cu are problematic due 

to poor energy absorption during the L-PBF process [24]. Pure Ag and Cu are highly reflective at laser 

wavelengths of 1000 to 1100 nm [10]. These wavelengths are used in commercially available L-PBF 

systems and can result in absorption <2%. This can result in insufficient energy absorption for melt 

pool generation and subsequent weld track production. While Ag as an alloying element is being 

increasingly studied, the feasibility of L-PBF processing pure Ag is yet to be demonstrated leaving a 

significant gap in knowledge.  

This chapter aims to address this gap in knowledge to accelerate the uptake of Ag and its alloys for L-

PBF processing to deliver high performance materials and components. In this respect, the study 

pioneers the evaluation and feasibility of using L-PBF to process pure Ag. The study identifies relevant 
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process parameters and their optimum parametric ranges for both stable single-track and 3D structures 

of 99.9% pure Ag. The L-PBF experiments presented in this chapter were carried out on an EOS M290 

industrial grade AM system using atomised pure Ag (99.9%) powder with PSD D10 (20.4µm), D50 

(31.5µm) and D90 (52.0µm) supplied by Legor Group S.p.A. Atomised sterling silver is currently 

utilised by various companies including L-PBF technologies [217]. As such atomised pure Ag and 

sterling silver powders were analysed using optical microscopy and SEM for comparison. 

Subsequently, dynamic image analysis was used to characterise the morphology and PSD of pure Ag. 

The quality of the resulting Ag melt pool and material was then analysed to identify optimum process 

parameters. Primary research to understand the influence of scan speed and laser power on steel and 

copper build substrates is also undertaken. Accordingly, this chapter reports the optimum laser power 

and scan speed parameters required for the formation of stable molten material single-track of pure Ag. 

The validity of these optimum single-track parameters is further analysed to ascertain optimum layer 

thickness and hatch distance parameters for the fabrication of pure Ag 3D structures.  

3.2. Material and methods 

3.2.1. Powder characterisation  

Powder characteristics such as morphology and PSD have a significant effect on powder flowability, 

packing density and laser-powder interaction [218]. Tan et al. [61] investigated L-PBF of stainless steel 

316L powder with varying laser power, scan speed. and hatch distance. Results concluded that powder 

PSD and morphology dictated the physical and chemical behaviours of the powder feedstock. 

Furthermore, PSD is known to directly affect powder packing density and flowability characteristics 

which subsequently influences the thermal absorptivity and conduction of the powder. The flowability 

of metallic powder can also change with continued use over time. Deffley et al. [219] reported that used 

powders often showed poor flowability when compared to new (unused) material and blending unused 

and used powders improved the powder flowability. The effect of powder characteristics on L-PBF 

processability is critical for the investigations in this chapter and therefore morphology and PSD were 

investigated and apparent and tap density recorded. The apparent and tap density of atomised pure Ag 



46 

used in this study was calculated using LPW PowderLab PowderFlow kit (following ASTM B964) 

[220]. The apparent and tap densities are calculated from the mass of powder that fills a calibrated 

volume Hall Flow meter cup and for Ag were calculated to be 4.49 cm3 and 5.7 cm3 respectively which 

is 43% and 57% of pure Ag density. As oxygen content has also been shown to have an impact on L-

PBF microstructure, mechanical properties and density [221,222] the moisture content was recorded at 

0.68% using an Adam PMB Moisture Analyser. Furthermore, optical and SEM techniques were utilised 

alongside dynamic image analysis to confirm the quality of the Ag powder used in this study. A Retsch 

Technology Camsizer x2 having a 1µm resolution was used to study the particle width/length ratio. 

Powder samples were fed through a feed channel ensuring all particles fell through the measurement 

field and two digital cameras were used to record the data at 300 frames per second. When the basic 

camera (CAM-B) recorded the relatively large particles, the zoom camera (CAM-Z) recorded the 

smaller ones. A contact-free laser diffraction technique was used to automatically capture particle size 

and shape information. 

3.2.2. L-PBF parameters 

Fig. 10 presents a simplified cross-section of the L-PBF process considered. The process involves the 

interaction of material alloying, chemical reactions, heat transfer, material phase transformation and 

surface tension fluid flow [6]. This study focuses on the effects of L-PBF parameters (laser power, scan 

speed, hatch distance, layer thickness and build substrate) on the processability of pure Ag and the 

optimum parameter ranges necessary for 3D fabrication. The L-PBF process used features a 400W 

1060-1100nm wavelength laser with 100 µm spot size capable of fully melting atomised standard AM 

metals such as titanium, aluminium, and nickel alloys. To evaluate the feasibility of laser melting pure 

Ag with 400W L-PBF and to identify optimum process parameters the atomised silver powder was laser 

processed on steel and copper substrates. The common practice for the selection of substrate materials 

is to use the same substrate as the processing material. However, this was not feasible for this study due 

to the high cost associated with pure silver. Accordingly, copper was selected due to its high reflectivity 

and thermal conductivity. The steel substrate was used to understand the influence of a build substrate 

that features a comparatively low thermal conductivity to that of Ag.  
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Fig. 10. Selective laser melting process and associated variables investigated in this study. 

Due to the reflectivity, absorptivity, and conductivity of Ag, laser powers selected for initial 

investigations were 350 W and 370 W, which are close to the upper limits of the EOS M290 machine 

used. Scan speeds were varied from 400 to 1000 mm/s at 50 mm/s increments: a range selected to 

maximise energy input while allowing for a realistic fabrication speed. While the lower scan speed 

(400 mm/s) allows for a high energy density input to produce single tracks; higher scan speeds are 

desirable as they reduce build time making the process more cost-effective. Standard metallic materials 

such as aluminium and titanium feature scan speeds of 800 and 1250 mm/s respectively. Pure Ag single-

tracks were fabricated under each of the process parameters using one 30µm layer thickness and one 

laser pass. The molten tracks were characterised using confocal microscopy where five measurements 

were taken along the length of each track and their maximum, minimum, average and range of bead 

width reported. All tests were conducted in an argon environment at an oxygen content of <0.1% in the 

process chamber. The inspection of the resulting laser melted tracks was undertaken using an Olympus 

Lext OLS 3000 Laser Scanning Confocal Microscope (LSCM) and Zeiss Scanning Electron 

Microscope (SEM). The optical microscopy results were then used to analyse the molten material and 

stable track widths to identify optimum laser power and scan speed parameters which resulted in the 

least track width variation. These results were subsequently used to develop parameters for layer 

thickness and hatch distance investigations. L-PBF 3D structures were prepared for analysis using SiC 

Foil, Grit 1000, 2000 and 4000 and ¼ µm DP suspension fluid suitable for Ag industrial grinding and 
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polishing provided by Struers. Images were recorded using optical microscopy and SEM and density 

analysis carried out using Stream Essential software (Olympus). An electrical discharge machine 

(EDM) was used to section some single tracks to assess adhesion to the build plate and the resulting 

surfaces analysed using SEM. 

3.3. Results and discussion 

3.3.1. Powder morphology 

The optical microscopy data presented in Fig. 11 shows clear differences between the characteristics of 

atomised pure Ag (Fig. 11a-b) in comparison to sterling silver (Fig. 11c-d) with 93.3% Ag and balance 

Cu, Zn, In, Sn and Si. Pure Ag particles are spherical in shape but contain attached satellite particles 

affecting the powder morphology. Contrastingly, sterling silver features fewer satellite particles, 

however, the morphology is more elongated and irregular. Spherical particles are usually desired for 

the L-PBF process as it enhances both the packing density and flowability of the powder [61]. As 

packing density and flowability are affected by powder morphology and PSD, these differences could 

affect the processing of Ag powder. 

 

Fig. 11. Optical microscopy results of atomised powder particles for (a) pure Ag at 50 µm, (b) pure Ag at 20 µm, (c) sterling 

silver at 50 µm and (d) sterling silver at 20 µm. 

(a) (b) 

(c) (d) 

50 µm 20 µm 

50 µm 20 µm 
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According to Sun et al. [91], small changes in alloying elements can have a significant influence on the 

powder characterestics of Ag alloys. For example, a 1.5 wt.% addition of Ag has shown to increase 

both thermal and electrical conductivity of Mo-Cu powders [91]. To analyse particle morphology and 

the satellite particle interface, further analysis was carried out using SEM for both atomised pure Ag 

and sterling silver powders. The resulting data as shown in Fig. 12 confirms the presence of a relatively 

high number of satellite particles (Fig. 12a) in pure Ag powder but also highlights the uniform spherical 

shape of the larger particles. Small satellite particles below 2 µm in diameter are attached to the larger 

spherical particles making them irregular in shape (Fig. 12b). These satellite particles can reduce the 

powders flowability and also affect the powders packing density, which in turn could affect the 

materials L-PBF processability [61]. 

 

Fig. 12. Scanning Electron Microscopy images of (a) pure Ag particles at 10µm showing satellite particle size variability (b) 

pure Ag at 5µm showing minimal adhesion area between host and satellite particles (c) sterling silver at 20µm showing 

isolated elongated particle and (d) sterling silver at 20µm showing variability in particle sizes. 

Fig. 12c highlights the elongated particle size and shapes present in the sterling silver powder in addition 

to the presence of satellite particles and irregular morphology (Fig. 12d). Spherical particles are usually 

desired to enhance powder flowability, while optimum PSD enhances the powder packing density and 

10 µm 5 µm 

20 µm 20 µm 

(a) (b) 

(c) (d) 
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thermal absorptivity [61]. Pure Ag despite the higher satellite particle content, has uniform spherical 

shape, however flowability may be affected by the presence of satellite particles. While studying the 

particle size of the sterling silver itself is outside the scope of this study, the comparison highlights the 

differences in morphology of pure Ag and current silver AM alloys. Due to the relatively large number 

of satellite particles present in pure Ag, dynamic image analysis was carried out to further investigate 

the particle morphology.  

 

Fig. 13. Atomised pure silver particle morphology characteristics. 

Fig. 13 shows the typical atomised particle size and shape of the pure Ag powder, where Xmax, Xmin, 

and Xarea are the particle length, width, and equivalent circular surface area. The result shows that most 

particles are over 60 µm long with the largest Xmax value being 89.7 µm.  However, the width (Xmin) of 

the particles is around the 50 µm sieve range. The results show irregular shaped particles, which can be 

explained by the presence of satellite particles as shown in Fig. 11 (a-b) and Fig. 12 (a-b). 

The overall particle size distribution (PSD) shown in Fig. 14 can affect flowability and packing density 

of the powder. Pleass et al. [63] analysed the chemical composition, PSD and flowability of three nickel-

based alloy powders for L-PBF. The analysis concluded that a large volume of fine particles can render 

metallic powder unusable for L-PBF technologies due to the strong cohesive forces negatively affecting 

the powder flowability. Accordingly, the results from the particle analyser were used to distinguish the 

mode, mean, median and volume fractions (D10, D50, and D90) to identify the Particle Volume 

Distribution (PVD) as shown in Fig. 14a. The data was used to establish excessively high or low particle 

distribution that can affect the powders processability for L-PBF. 
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The PVD analysis concluded a D10 of 18.8 µm, D50 of 27.6 µm and D90 of 38.6 µm. D50 represents the 

median value; meaning, 50% of powder particles were less than 27.6 µm in size. With a D10 and D90 of 

18.8 and 38.6 µm; the results showed that the PVD is relatively even with only 10% of particles below 

18.8 µm. The reasons for this can be explained using Fig. 11 and 12, where the smaller satellite particles 

can be seen attached to the larger spherical particles post-atomisation. A D90 of 10 µm can result in 

unusable powder for PBF processing as described by Pleass et al. [63]. In comparison, the PSD shown 

in Fig. 14b suggest that the atomised pure Ag powder measured in this study has a near normal size 

distribution and is suitable for L-PBF AM. 

  

Fig. 14. Particle analysis of atomised pure Ag sieved at 50 µm (a) Particle Volume Distribution (PVD) and (b) Particle Size 

Distribution (PSD).  

3.3.2. Single track fabrication 

The L-PBF process is reliant on a range of parameters that are related to feedstock, build process, laser 

setting, material interactions, and melt-pool variables totalling more than 130 variables. O’Regan et al. 

[7] describes the process parameter variables and relations to L-PBF component dimensional tolerances, 

surface roughness and porosity. The study concluded that process variables can affect the residual 

stresses and density of the component. Tan et al. [61] reported that laser power and scan speed are 

controllable process parameters, which affect the energy density input at the powder bed. This in turn 

contributes to material energy absorption, subsequently affecting both the binding and melting 

mechanisms. Therefore, it is clear that the mechanical properties of the L-PBF components will be a 

result of molten material single-track in addition to the layer-by-layer bonding interactions. 
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The interactions of molten material single tracks and the connection between layers has a significant 

impact on the microstructure and structural integrity of the material produced; thereby affecting the 

component quality. From the investigations of Aversa et al. [223] on single-track aluminium alloys, it 

was observed that laser power and scan speed have a significant effect on laser energy absorption, heat 

transfer and phase transformation and therefore stable molten track production. During L-PBF 

processing part of the laser energy is absorbed by the particles at the top surface of the powder layer. 

Tan et al. [61] describes the thermomechanical reaction as the laser energy penetrates the underlying 

particles, where the intensity decreases as the heat transfers through the layers. When the laser scans 

over the atomised pure Ag powder, it melts the material and creates a molten powder track as shown in 

15. The Surface tension causes the molten tracks to form a cylindrical or keyhole cross-section as 

described in Fig. 10.  

 

Fig. 15. SEM image of pure Ag single-track using L-PBF 

The size of the track produced is a function of the absorptivity and reflectivity of the material being 

melted and the energy input to the weld pool. Increasing the scan speed reduces laser energy input, 

which in this study resulted in a smaller weld pool and track width represented by the discontinuous 

molten material track shown in Fig. 16. The features and stability of each track can be associated to the 

laser power, scan speed and powder layer thickness in addition to the physical properties and geometry 

of powder particles. Melt depth also varies depending on the absorptivity and reflectivity of the powder, 

laser power, scan speed and the thermal conductivity of the substrate. Consequently, at lower scan 

Average Track Width – 201 µm 

at 400 mm/s and 370 W 
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speeds, the temperature and volume of the powder consumed is higher as a result of the higher energy 

input.  

Incorrect or unoptimised L-PBF parameters can lead to unwanted effects such as instability (Fig. 16a) 

or balling (Fig. 16c) of the molten material tracks leading to poor interlayer bonding and the formation 

of porosity. Studies by Guo et al. [224] on single-track fabrication of Niobium (Nb) and Titanium (Ti) 

alloys showed that track width and substrate penetration increased as laser energy density increased.  

Accordingly, inconsistent molten material and track fabrication was shown to increase as laser energy 

density decreased.  

Balling on the other hand is a result of low energy densities and insufficient contact of molten material 

with the solid substrate. Inadequate laser power causes a deficiency of laser energy that is required to 

penetrate the powder bed to melt the powder and substrate. This results in instability of the molten track 

resulting in inconsistent track formation as shown in Fig. 16. Instability can also occur at lower scan 

speeds where turbulence in the weld pool leads to inconsistencies in the weld beads. On the contrary, 

excessively high scan speeds cause a balling effect due to the limited energy input as demonstrated in 

Fig. 16c. Accordingly, it can be seen that a range of optimal parameters are required for the L-PBF 

process in order to achieve powder bed and substrate penetration for the formation of stable and 

continuous pure Ag molten tracks (single-track), which this study aims to identify. 

 
Fig. 16. Laser melted pure Ag single tracks showing (a) SEM data of track instability caused by insufficient energy input (b) 

optical microscopy images of track instability caused by insufficient energy input and (c) balling effect caused by insufficient 

energy input. 

(a) (b) (c) 
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3.3.3. Influence of substrate material 

The industry standard is to use a build substrate material that is equivalent to powdered material being 

processed. This not only ensures continuity between initial layers of the building process but also 

prevent alloy contamination along the initial build layers. However, for precious metals, like pure Ag, 

a 250×250 mm solid substrate is unfeasible due to the high associated cost. Consequently, initial laser 

melting of pure Ag was experimented on Cu and steel substrates. When compared to Ag, the reflectivity 

and thermal conductivity of a Cu substrate is a closer representation of pure Ag laser interaction. 

Furthermore, a Cu substrate better simulates pure Ag track and pure Ag layer-by-layer interactions once 

layer build height has reached beyond the thermochemical effects of the substrate.  

 
Fig. 17. Laser melting of pure silver at 370 W laser power and 400 mm/s scan speed on (a) steel and (b) copper substrates. 

Fig. 17 shows the single-track L-PBF fabrication of pure silver powder on steel and copper substrates 

at a laser power and scan speed of 370 W and 400 mm/s respectively. These parametric values refer to 

the highest laser power and slowest scan speed considered in this study and therefore the maximum 

energy input at the powder bed. The result in Fig.17a shows that fully molten single-track fabrication 

is feasible with pure Ag on a steel substrate using the selected parameters. However, no single-track 

formation or molten material was achieved on a copper substrate under the same conditions (17b). This 

demonstrated that when laser melting pure Ag, the properties of the substrate material have a significant 

influence on single track formation. It is clear that the energy input at the powder bed is insufficient for 

wetting silver on highly conductive copper substrate, which can be attributed to the laser energy being 

reflected and dissipated. Fig.18a presents single track fabrication of pure silver at lower laser power of 

350 W and 400 mm/s scan speed. A molten material single track is produced for and pure silver (Fig. 

(a) (b) 

100 µm 100 µm 
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18a) on steel substrates. However, similar to the previous case, pure silver on a copper substrate failed 

to create a molten track and only partially molten powder can be seen (Fig. 18b).  

 
Fig. 18. Selective laser melting using 350 W laser power and 400 mm/s scan speed showing (a) pure Ag on steel substrate 

and (b) pure Ag on copper substrate. 

When the laser power was kept constant and scan speed increased from 400 to 1000 mm/s, the resulting 

silver single-track was found to be significantly affected as a result of the reducing energy input. For 

350W laser power, the increased scan speed and reduced energy created a balling effect on the steel 

substrate and broken or unstable track formation was seen after 500mm/s scan speeds. This indicates 

that the energy density is lower and there is insufficient contact between the molten material and the 

steel substrate for efficient molten track formation. The use of pure Ag on copper substrate showed no 

molten track production except for occasional random melted particles consistent with previous tests.  

At a laser power of 370W and full scan speed range of 400-1000 mm/s, molten tracks can be seen for 

pure Ag on the steel substrate. Fig. 19 shows pure Ag molten track produced using 370W and 1000mm/s 

scan speed. A pure silver molten track is produced however the track width is significantly smaller due 

to the reduced energy input. Fully formed molten tracks were only produced for pure Ag at 350W and 

scan speeds between 400 and 500 mm/s on a steel substrate. Above this speed, the tracks became 

inhomogeneous with visibly broken tracks. On a copper substrate, no track formation of pure silver was 

observed, a result consistent with previous attempts. The analysis offered shows that a copper substrate 

with high heat transfer and reflectivity is not a suitable substrate for the L-PBF of pure Ag single-tracks 

using one laser pass. The results indicate that a steel substrate is more suitable for single track 

fabrication of pure Ag despite the differences in thermal and reflectivity between the two materials. 

However, this could also suggest that proceeding single tracks and layers of pure Ag would 

(a) (b) 

100 µm 100 µm 
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subsequently fail once the layer height increases beyond the thermomechanical interactions of the steel 

substrate. 

 
Fig. 19. Selective laser melting at 370 W laser power and 1000 mm/s scan speed showing (a) pure silver on steel substrate 

and (a) pure silver on copper substrate. 

3.3.4. Process window for stable track formation 

To identify the optimal scan speeds and laser power required for consistent and controlled molten track 

fabrication the single tracks were analysed using optical microscopy. Fig. 20a shows the average track 

width measured at a laser power of 350 and 370 W for the scan speed ranging from 400 to 1000 mm/s. 

Track widths reduce as scan speeds increase. This is due to the reduction in energy input at the powder 

bed resulting in a thinner track width. 

  

Fig. 20. Average track width for laser melted pure silver (a) 400mm/s – 1000mm/s scan speeds and 350W and 370W laser 

power on steel substrate and (b) Stable track width window observed between 500mm/s and 800mm/s scan speeds. 

Above a scan speed of 500 mm/s, the track formation becomes discontinuous and therefore 

unmeasurable for Ag at 350 W, represented by the dotted line (Fig. 20a). The most stable molten 

material and pure Ag single-track widths were formed at the highest laser power of 370W between scan 
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speeds of 550 and 800 mm/s as shown in Fig. 20b. Minimal track width variation was observed between 

these scan speed parameters. Within this range, the maximum variation in track width was 31 µm.  

3.3.5. Single track cross section analysis  

Processing atomised pure Ag to create stable molten material single tracks utilising L-PBF AM systems 

has been shown to be feasible using the laser power and scan speed parameters discussed. However, 

single-track fabrication was only possible using a steel build substrate. The copper build substrate had 

a significant negative effect on the fabrication of pure Ag molten tracks due to its thermomechanical 

properties. This raised questions as to what happens once the layer-by-layer process has reached a level 

past the thermomechanical effects of the steel substrate? 

 

Fig. 21. SEM images of pure Ag single track cross-section manufactured using scan speeds of (a) 400 mm/s, (b) 450 mm/s, 

(c) 500 mm/s and (d) 550 mm/s. 

Silver has higher reflectivity and thermal conductive properties than copper, consequently at this stage 

it could be assumed that post the initial layers, the preceding layers would fail to build due to different 

thermomechanical behaviour of building pure silver-on – pure silver layers. Laser energy penetration 

and melt depth are important considerations for the fabrication of dense parts using L-PBF technologies 

[225]. However, in this case, the penetration depth created by pure Ag single tracks only offer limited 
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information due to the differences in substrate and processing material properties. Nevertheless, 

fabricating pure Ag single tracks on steel substrate highlights the potential for 400W 1060-1100 nm 

wavelength systems to be used to process reflective and thermally conductive materials. The results do 

not however verify whether multilayer pure Ag could be additively manufactured to create 3D 

structures.  Therefore, to ascertain cohesion between the build substrate and single tracks, the cross-

section of the samples was analysed as shown in Fig 21 and 22.  

 

Fig. 22. SEM images of pure Ag single track cross section additive manufactured at laser scan speeds of (a) 600 mm/s, (b) 

650 mm/s, (c) 700 mm/s and (d) 800 mm/s.  

 

Fig. 23. Variation in cross-sectional track height with respect to scan speed. 
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As can be seen from both Fig 21 and 22, although the relatively rough surface made it difficult to 

analyse all single tracks processed with 370W appeared fully fused to the steel substrate and no breaks 

between tracks and build substrates were visible. Penetration depth into the substrate is also not visible 

and to the most part irrelevant for the reasons discussed above. Cross sectional height of pure Ag single 

tracks characterised using SEM are presented in Fig 23. The results highlight a reduction in track height 

as scan speeds increase as a result of the reduction of energy input reduction. 

The analysis so far shows that laser melting of highly reflective and thermally conductive materials 

such as pure Ag to create molten single tracks is feasible utilising L-PBF with a 400W 1060-1100nm 

wavelength fibre laser. However, the substrate material has a significant effect on molten material and 

the creation of the molten single tracks in this study is reliant on processing parameters shown in table 

1. In addition, the significant influence of substrate material shows that further study is needed in this 

regard when it comes to laser melting of highly conductive materials such as copper and silver. Cross 

sectional analysis showed cohesion between pure Ag molten tracks and steel substrate for optimised 

parameters selected. 

Table 1. Requirement for stable track production in 99.9% Ag using L-PBF. 

Sieve dia. Volume Size Distribution Laser power Scan speed Substrate 

50 µm 38.8 µm <90% PSD> 18.8 µm 370 W 550-800 mm/s Steel 

 

3.3.6. L-PBF fabrication of pure silver strucutres  

L-PBF of pure Ag to create stable molten tracks has been shown to be feasible using a 400W 1060-

1100nm wavelength fibre laser system and the parameters described in table 1. Molten single-track 

width stability and variations have been discussed and cross section analysed. Results show that 370W 

laser power combined with a range of scan speeds can be used to create cohesive pure Ag molten 

material tracks on steel substrate. However, the fabrication of pure Ag components would require the 

layer-by-layer processing of highly reflective and thermally conductive pure Ag on pure Ag layers. 
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The copper build substrate single track results have demonstrated the difficulty of L-PBF processing of 

highly reflective and thermally conductive materials. However, using the parameters described in table 

1, the feasibility of L-PBF pure Ag into 3D structures was investigated. Although AM single track 

fabrication cannot be a true representation of AM component fabrication, the pure Ag and laser 

interaction results can be analysed for further investigation. Stable molten track formation dimensions 

taken from Fig 20b reveal the shortest and widest track width limits being 0.14 and 0.175 mm 

respectively. Accordingly, these values were used as input for hatch distance investigation from 0.14 to 

0.18 mm at 0.1 mm increments. The track height measurements ranged from 81 µm to 146 µm (Fig 23), 

which is significantly larger than the 30 µm layer thicknesses used for most standard AM materials. 

Therefore, layer thicknesses of 30 µm and 60 µm were investigated to ascertain layer-by-layer 

interaction and resultant density of L-PBF pure Ag. Fig 24 shows the resulting 3D structures where the 

optimum parameters successfully fabricated both solid cubes and thin walls across all parameter 

variations at both 30 µm and 60 µm layer thicknesses. 

 

Fig. 24. As built pure Ag structures showing (a) 3 mm cubes and thin walls at 60 µm layer thickness and (b) 3 mm cubes and 

thin walls (30 µm layer thickness) with associated scan speed and hatch distance parameters. 
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3.3.7. Density analysis 

Single track and layer-by-layer interactions and binding mechanisms effect microstructure, density and 

the associated mechanical properties of L-PBF fabricated components [6,224,226]. Laser power, scan 

speed and hatch distance parameters effect energy density at the powder bed and therefore are common 

process parameters adjusted for process optimisation [23,226]. Energy density can be calculated from 

equation Eq 1 where Ed = energy density, Lp = laser power, Ss = scan speed, Hd = hatch distance and Lt 

is layer thickness. However, powder characteristics and material reflectivity and thermal properties are 

not considered in the equation and therefore while we can confidently predict energy density applied 

calculating the actual energy absorption from the highly conductive and reflective Cu and Ag materials 

with any confidence is not possible.  

                                                                      𝐸𝑑 =
𝐿𝑝

𝑆𝑠 𝑥 𝐻𝑑 𝑥 𝐿𝑡 
                                                                                (1) 

Incorrect or un-optimised process parameters can lead to unstable and inconsistent single-track 

formation as demonstrated in this study, which in turn lead to weak interlayer bonding, part defects and 

porosity. Porosity in L-PBF components is well understood [7,24,212,227], the reasons for which range 

from lack of fusion along with blowhole and keyhole cavities [52,228]. Keyhole and blowhole (trapped 

gas) porosity appear as closed spherical porosity voids (enclosed with dense material), while lack of 

fusion (unmolten material) appears as irregular shaped porosity voids either closed (surrounded by 

dense material) or open where the porosity is near the surface [52,228]. Understanding the type and 

content of porosity is crucial for further parameter development towards the fabrication of dense parts. 

Accordingly, pure Ag porosity type and content was characterised using optical and scanning electron 

microscopy. 

Fig. 25 presents the density and porosity content of 3 mm cubes at 30 µm layer thicknesses for a scan 

speed range and hatch distance of 600-800 mm/s and 0.14-0.18 mm where energy density input ranged 

from 85.6 J/mm3 to 146.8 J/mm3. Although 3 mm cube structures were successfully built for all 

parametric ranges, a significant variation in material density can be observed. Irregular shaped porosity 
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voids can be seen in most samples, which would suggest lack of fusion porosities due to unmolten 

material. This is particularly evident in 0.16mm hatch distance and 700mm/s scan speed however all 

samples showed this porosity void type. Smaller spherical porosity surrounded by dense areas are also 

visible suggesting the presence of keyhole and blow hole porosity.  
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Fig. 25. Density variation of laser melted 3 mm pure silver cubes additively manufactured at 30 µm layer thickness. 

Fig. 26 presents the density and porosity content of 3 mm cubes at 60 µm layer thicknesses for the same 

scan speed and hatch distance ranges of 600-800 mm/s and 0.14-0.18 mm where energy density input 

ranges from 42.8 J/mm3 to 73.4 J/mm3. It can be seen that structures were successfully built at all 

parameter ranges considered. Nevertheless, layer thickness can be seen to have a significant effect on 

the resulting material density with high porosity content as compared to 30µm layer thickness (Fig. 25). 

This can be attributed to the reduced laser energy absorption and re-melt depth due to the larger layer 

1mm 
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thicknesses resulting in lack of fusion porosities. The higher irregular shaped pore sizes observed for a 

layer thickness of 60µm in comparison to 30µm indicates lack of fusion porosities. Overall, 60 µm layer 

thickness results in a significant increase in lack of fusion (irregular shaped) porosity content and was 

disregarded for further analysis. 
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Fig. 26. Density variation of 3 mm pure silver cubes additively manufactured at 60 µm layer thickness. 

To further analyse porosity type SEM characterisation of pure Ag structures manufactured at 30 µm 

was completed and images presented in Fig 27. As shown, different porosity types were observed for 

the pure Ag cubes fabricated depending on the hatch distance and scan speeds. Higher magnification 

under SEM clearly displays lack of fusion pore defects with powder particles contained within the 

porosity voids. This highlights that process parameters (hatch distance and scan speed) have a 

significant effect on 3D structure and there are areas of the build where laser energy was insufficient to 

1mm 
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produce fully molten dense material. These parameters were also found to result in significant gas 

entrapment (keyhole or blowhole) spherical porosities which can be created as part of the L-PBF 

process. Fig. 27b highlights spherical (gas trapped) and nonuniform (lack of fusion) porosity voids. 

However, there is a significant reduction in content and size of gas trapped porosities that are observed 

when compared to Fig. 27a. 

 

Fig. 27. Pore types observed for laser melted pure Ag at 30 µm layer thickness for (a) 800 mm/s scan speed and 0.14 hatch 

distance and (b) 600 mm/s scan speed and 0.15 hatch distance. 

Overall, for the best performing layer thickness (30 µm), the porosity of the structures ranged from 

2.72-34.01% as summarised in Fig. 28a. The highest density was observed at a hatch distance of 0.15 

mm. Looking at the equivalent maximum pore sizes with respect to hatch distance (Fig. 28b); pore sizes 

range from 133.61-987.44 µm. Consistent with the overall porosity, the 0.15 mm hatch distance was 

found to have the lowest pore size as well. A common approach to reduce lack of fusion porosity is to 

increase energy density at the powder bed through further process parameter optimisation including 

smaller layer thickness, increased laser power and different scan strategies. However, Fig 28c shows 

that for 0.15mm hatch distance the applied energy density has little effect on porosity content with 

relatively similar content across all scan speed range. Therefore, for highly reflective and thermally 

conductive silver approaches to increase energy absorption at the powder bed rather than increase 

energy density may be more appropriate. These could include powder feedstock modification through 

either composition, PSD, and coatings and/or different wavelength lasers.   
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(a) (b) 

 

 

(c) 

Fig. 28. Influence of scan speed and hatch distance on laser melted 3 mm pure silver cubes at 30 µm layer thickness showing 

(a) sample porosity, (b) maximum pore size, (c) porosity and energy density input and (d) yield and energy density input. 

 

3.4. Summary 

This study presents the L-PBF processing of pure silver (Ag) using a 400 W 1060-1100 nm fibre laser 

Additive Manufacturing (AM) system featuring a 100 µm laser spot size. Pure Ag powder was 

characterised for morphology, particle size and distribution including moisture content, apparent and 

tap density. The results show that the laser melting of highly conductive and reflective atomised >99.9% 

pure Ag is possible. The most stable tracks were produced at 370W and lower scan speeds on steel 

substrate referring to a requirement of high energy density. Although molten material tracks could be 
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produced at faster scan speeds, the tracks were non-uniform showing breakage and balling. The most 

stable pure Ag tracks were observed between 550 and 800 mm/s scan speeds with an average track 

width deviation of 31 µm. The average track width decreased with increasing scan speed resulting in 

unstable track formation at high speeds such as 1000 mm/s. The use of copper substrate was found to 

be unsuitable for the laser melting of pure Ag single tracks despite the comparable thermal properties. 

Investigating the effect of process parameters on the manufacture of 3D silver structures, the highest 

density (~97%) was observed at a layer thickness, scan speed and hatch distance of 30 µm, 700-800 

mm/s and 0.15 mm respectively. Nevertheless, under all cases fusion porosities in addition to significant 

gas entrapment represented by keyhole and blowhole pores were observed. Further to demonstrating 

the feasibility of L-PBF pure Ag and deriving feasible process parameters, this study also offers the 

basis for further research in the areas of powder rheology, substrate melt depth, and laser wavelength 

absorptivity and reflectivity. Furthermore, the results reported in this work offer the basis for further 

parametric research toward the fabrication of fully dense Ag structures.  
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Chapter 4 Mechanical performance of L-PBF Ag 

4.1. Introduction 

L-PBF allows the fabrication of near fully dense complex metallic structures that are difficult or 

impossible to manufacture through traditional manufacturing technologies [17,18]. Therefore L-PBF is 

experiencing interest from high value sectors such as aerospace, automotive and biomedical [26,229–

231]. However, the L-PBF process is complex and involves material alloying, chemical reactions, 

material absorptivity, laser diffusion and scattering, heat transfer and material phase transformation [6]. 

As such the mechanical properties produced by the L-PBF process are a result of parameters related to 

material feedstock, build process and post processing techniques [7] of which there is in excess of 130 

variables [7]. The wide range of feedstock material and process variables as well as manufacturing 

variations have been shown to effect several material characteristics including surface roughness [59] 

microstructure [23] and density. All of which have the potential to lead to porosity defects within AM 

components [7,21,51,52]. Furthermore, the effects of porosity type, and distribution, for AM materials 

are not fully understood. This is predominantly due to lack of understanding between the associated 

feedstock and process variables [61,63,108], particularly for novel nonstandard materials such as Ag 

[93]. Understanding the relationship between feedstock and process parameters on fabricated 

component defects is critical to analyse the mechanical properties and potential failure modes of L-PBF 

materials and components [53,54]. Accordingly, this work continues from chapter 3 and reports the 

effects of L-PBF process parameters on density, porosity, and mechanical properties of L-PBF Ag.  

Conventionally manufactured high purity Ag has a tensile strength between 110MPa and 340 MPa 

dependant on manufacturing method and post processing treatment. Manufacturing defects can have a 

negative effect on L-PBF fabricated components [51,232,233] and while traditional metallographic 

preparation and analysis techniques such as (those used in the previous chapter) mechanical grinding, 

polishing and chemical etching can be combined with SEM and optical microscopy analysis to offer an 

insight into component microstructure [9] and density these techniques offer limited information in 

regards to pore defect morphology, size and distribution. Recently X-ray Computed Tomography 
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(XCT) has been used for these investigations as it is a none destructive analysis technique for 3D 

visualisation of AM component density and defect distribution [234–236]. The work presented in this 

chapter reports the relationship between L-PBF process parameters, component density and tensile 

properties for L-PBF pure Ag structures which is yet to be reported in literature. Manufacturing porosity 

defect type and distribution are described through XCT 3D visualisation and fracture surfaces are 

analysed utilising SEM and optical microscopy techniques. Accordingly, the relationship between L-

PBF process parameters on resultant density, Youngs Modulus, ultimate tensile strength, yield strength 

and strain failure for various L-PBF process parameters of fabricated pure Ag structures are reported.  

4.2. Material and methods 

The investigations presented in this chapter were carried out on an EOS M290 industrial grade AM 

system using atomised pure (99.9%) silver powder (Fig 29) supplied by Legor Group S.p.A. Powder 

morphology and PSD have been shown to affect the flowability and packing density of AM powders 

[61] and therefore can dictate the thermomechanical behaviour of powders during the AM process [61]. 

The previous chapter [27] confirmed the powder morphology and particle distribution characteristics 

of Legor Ag being suitable L-PBF processing [27].  

 

Fig. 29. Scanning Electron Microscopy (SEM) image for 99.9% pure silver powder showing (a) powder morphology and (b) 

satellite particles distribution. 

Fig 29 shows Scanning Electron Microscopy (SEM) images of the pure Ag powder utilised for this 

study to confirm suitability and no changes in morphology before performing the next builds. Similarly, 

(a) (b) 
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to the previous chapter Fig 29a highlights the spherical morphology of the powder particles and the 

presence of numerous satellite particles (Fig 29b). 

Following chapter 3 methodology the L-PBF process utilised in this study features a 400W laser with 

100 µm spot size and all builds were completed in an argon atmosphere with oxygen content in the 

process chamber below 0.1%. Standard rotation scanning strategy and 30 µm layer thicknesses were 

kept constant for all builds. Following on from the previous chapter tensile samples (Fig 30) were 

fabricated using 400 mm/s and 800 mm/s scan speeds at hatch distances of 0.15 mm, 0.16 mm, 

0.18 mm, and 0.20 mm to ascertain differences in energy density input at the powder bed. Small tensile 

samples were fabricated to reduce material usage and cost related to pure Ag.  

4.2.1. Tensile performance  

Quasi-static mechanical tests were carried out using a Zwick Roell 1474 universal testing machine at a 

rate of 0.06 mm/s. 

4.2.2. X-Ray Computed Tomography (XCT) 

XCT analysis was conducted utilising a Bruker Skyscan 2211 X-ray nanotomograph. Although XCT 

analysis is a valuable tool for nondestructive analysis, the results to a large extent are dependent on the 

scanning and threshold parameters set during the process. XCT analysis is a good technique for 

comparative analysis rather than absolute analysis as the process can be easily adjusted and the threshold 

between good separation between density and porosity is subjective and is set using the histogram by 

the operator. Furthermore, XCT analysis will generally underestimate total porosity due to the limitation 

of resolution. The maximum porosity that will be visible with confidence will be a minimum of five 

pixels. Therefore, the size of porosity that can be detected is dependent on the pixel size set during XCT 

scanning set up. Although camera resolution and pixel size can be adjusted as part of XCT set up the 

minimum pixel size is limited dependent on the size of the sample being processed. Any porosity below 

the set range may be seen but will appear less bright in the scan. For this reason, all samples were 

scanned with the same XCT scanning, threshold and reconstruction parameters to ensure any notable 



70 

changes in porosity was due to the L-PBF manufacturing parameters and not the XCT scanning 

operation and analysis. As samples were compared in like for like structures at the same pixel resolution, 

we can be confident that the differences in density and porosity defects was due to feedstock material 

and process parameters used for manufacturing. 

4.2.3. Surface roughness 

Digital microscopy techniques were utilised to generate surface roughness images and profiles for 

horizontal (Fig 37a and 38a) and vertical (Fig 37b and 38b) surfaces and average peak and trough 

deviation (Ra) values recorded. 

4.3. Results and discussion 

4.3.1. Tensile performance 

Fig 30a shows tensile test samples fabricated using 400W L-PBF and pure Ag powder as built on build 

substrate. Following fabrication all samples were removed from the build platform using none contact 

Electrical Discharge Machining (EDM) techniques. A Bruker Skyscan 2211 X-ray nanotomograph was 

used to analyse sample pore defects distribution and morphology. Scan parameters utilised were 360° 

scan with 0.05° step increments and two frames per increment. Fracture surfaces were then analysed 

using optical microscopy and SEM techniques. 
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Fig. 30. Pure silver tensile test samples (a) as built on build substrate and (b) following EDM and tensile testing. 

Silver with high reflectivity, thermal and electrical conductance  [88,128] and antimicrobial properties 

[112] is of interest for electrical, biomedical, renewable energy and thermal management applications 

[88,90,112,128]. However, little is known regarding pure Ag L-PBF processability and resultant 

mechanical properties. Accordingly, Fig 31 presents the stress-strain (𝜎 − 휀) curve for L-PBF pure 

silver tensile samples with varying scan speed and hatch distances. The performance parameters such 

as the Yield strength (𝜎𝑦), Youngs Modulus (E), failure strain (휀𝑓) and ultimate tensile strength (UTS) 

values and corresponding hatch distances values are displayed in Fig 32. Due to material and 

manufacturing costs, it was not possible to follow specific ASTM standards for tensile sample 

fabrication or use an extensometer during testing. Therefore, elastic modulus and elongation to failure 

are only for comparative purposes.  

(a) (b) 
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Fig. 31. Stress-strain curve for L-PBF pure silver at 0.15, 0.16, 0.18 mm and 0.20 mm hatch distances at (a) 400 mm/s scan 

speed and (b) 800 mm/s scan speed.  

Chapter 3 ascertained successful single-track fabrication widths between 0.15 mm and 0.18 mm where 

optimum scan speeds were identified to be between 550 mm/s and 800 mm/s for continuous stable track 

formation [27]. However, 3D structures fabricated using these scan speed parameters were also shown 

to result in significant porosity creation bringing into question the correlation between single track 

formation and dense 3D structures. Furthermore, it has been shown that L-PBF process parameters 

effect porosity and mechanical properties [237–239] with increased energy resulting in reduced 

porosity. Therefore, to further investigate the effects of L-PBF process parameters on porosity content 

and mechanical properties of pure silver the parameters selected for this study have lower scan speeds 

and larger hatch distance than chapter 3 to increase and reduce the energy density respectively. 

Therefore, hatch distances between 0.15 mm and 0.20 mm and scan speeds of 400 mm/s and 800 mm/s 

were selected for this study. 400 mm/s scan speeds saw yield strength decrease as hatch distance 

increased from 67.02 MPa to 41.86 MPa; a difference of 37% (25.16 MPa) between 0.15 mm and 

0.20 mm hatch distances. 800 mm/s scan speeds also saw yield strength decrease as hatch distance 

increased however the rate of decrease was smaller at 14% from 52.9 MPa to 45.53 MPa; an absolute 

difference of 7.37 MPa. Youngs modulus for both scan speeds (400 and 800 mm/s) varied between 

10.11 GPa and 16.39 GPa; a difference of 62% with no obvious correlation with L-PBF parameters 

used. However, as with increase in hatch distance, a higher scan speed of 800 mm/s resulted in stiffer 

parts as represented by 32b.  

(a) (b) 
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(a) (b) 

  

(c) (d) 

Fig. 32. Influence of hatch distance and scan speed on the mechanical performance of L-PBF pure silver where (a) shows 

the effect on Yield strength, (b) Young’s modulus, (c) failure strain and (d) Ultimate Tensile Strength 

Energy density at the powder bed effected by scan speed and hatch distance variations had direct effect 

on yield strength (Fig. 32a) but not Youngs modulus (Fig. 32b) values of the samples. Failure strain 

results varied between 14.91% and 6.74% with maximum deformation also seen with 400 mm/s scan 

speed and 0.15 mm hatch distance parameters which also had the highest yield strength. Overall yield 

and ultimate strength directly related to energy density input at the powder bed with the highest and 

lowest performing yield and ultimate tensile strengths being the smallest and largest hatch distance 

values respectively. Overall smaller hatch distances were shown to give higher yield strength and 

ultimate tensile strength. To further evaluate tensile performance XCT was used to analyse pure silver 

sample density and porosity defect distribution, morphology, and content. The highest and lowest yield 

strength samples for 400 mm/s scan speeds were 0.15 mm and 0.20 mm hatch distances. Therefore, 
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these samples were selected and analysed in comparison to 800 mm/s scan speed and 0.15 mm hatch 

distance sample which had the highest yield strength yet lowest Youngs modulus of the 800 mm/s scan 

speed samples. Furthermore, the fracture surface of 400 mm/s scan speed at 0.16 mm and 0.15 mm 

hatch distances were analysed with SEM and optical microscopy.   

4.3.2. X-ray Computed Tomography  

While optical and scanning electron microscopy analysis supply an indication of fabricated component 

density and surface defects, they offer limited information on morphology and distribution of internal 

defects of the fabricated structures. While porosity size can be evaluated using traditional techniques, 

porosity morphology and volumetric distribution throughout the sample is not visible. In this regard, 

XCT is a none destructive analysis technique that has recently seen increasing investigation towards 

becoming an established tool for AM defect analysis [232,234].  

Incorrect powder feedstock properties such as PSD and flowability can lead to nonuniform powder 

layer delivery and porosity defects. However, porosity defects can also occur due to laser and material 

interaction and process and scanning strategy parameters [52]. Lack of fusion, blowhole and keyhole 

porosities have been shown to be created during L-PBF processing of pure silver, however, the pore 

defect size and distribution information is limited with optical microscopy and SEM 2D analysis 

techniques. Accordingly, XCT analysis was conducted to ascertain 3D porosity morphology and 

distribution and the effects related to selected L-PBF process parameters, pure silver tensile properties 

and material failure.   

4.3.3. Porosity defect 3D visualisation  

The bulk density, closed pore porosity content and surface area for all the samples evaluated using XCT 

analysis are presented in table 2 while the corresponding X-ray absorption 3D visualisations for 

800 mm/s 0.15 mm and 400 mm/s at 0.15 mm and 0.20 mm samples are shown in Fig 33. 
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Table 2. XCT pore defect properties for L-PBF pure silver samples with 400 and 800 mm/s scan speeds and 0.15, 0.16, 0.18- 

and 0.20-mm hatch distances parameters. 

Scan speed 

(mm/s) 

Hatch distance  

(mm) 

Bulk density 

(%) 

Number of 

closed pores 

Surface of closed 

pores (mm2)  

Average pore size 

(mm2) 

      

400 0.15 99.8 166 2.196 0.0132 

400 0.16 86.5 1374 11.242 0.0082 

400 0.18 96.0 2452 38.321 0.0156 

400 0.20 94.0 3421 26.900 0.0079 

800 0.15 99.5 532 7.419 0.0139 

800 0.16 98.5 1580 13.597 0.0086 

800 0.18 99.8 323 1.917 0.0059 

800 0.20 94.6 2270 15.300 0.0067 

 

X-ray absorption rates varied for all samples. 3D visualisations were created (Fig 33) where relatively 

dense material (high X-ray absorption) was represented by 1 (blue) while 0 (black) represented 

relatively low X-Ray absorption and therefore potential porosity voids. Overall lower hatch distance 

values (0.15 mm) corresponded with higher material density (Fig 33a and 33b). One anomaly where 

lower bulk density was highlighted was the 400 mm/s scan speed and 0.16 mm hatch distance sample 

with density results of 86.5%. However, as L-PBF, XCT and reconstruction parameters remained 

constant this was likely due to a failed layer or layers resulting from insufficient powder delivery to the 

build area during the process. To analyse pore defect morphology and distribution throughout the 

samples the internal closed pore porosity voids were isolated and can be seen highlighted in red in Fig 

34.   

 

Fig. 33. XCT X-ray absorption visualisation (as built z orientation) for (a) 0.15 mm hatch distance 400 mm/s scan speed (b) 

0.15 mm hatch distance 800 mm/s scan speed, (c) 0.20 mm hatch distance and 400 mm/s scan speed and (d) energy density 

and porosity.  

(a) (b) (c) 
1 mm 
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Fig. 34. XCT 3D visualisation (as built z orientation) of porosity content and distribution for (a) 0.15 mm hatch distance 

400 mm/s scan speed (b) 0.15 mm hatch distance 800 mm/s scan speed. and (c) 0.20 mm hatch distance and 400 mm/s scan 

speed. 

Energy density at the powder bed resulting from varying L-PBF scan speed parameters can be seen to 

affect not only porosity distribution throughout the sample but also porosity morphology and therefore 

the number and surface area of the pore defects. While bulk density was shown to be comparable for 

both 0.15 mm hatch distance and 400 mm/s and 800 mm/s being 99.8% and 99.5% respectively the 

number of pores and therefore the surface area of those pores varied significantly.  

The scan speed of 400 mm/s resulted in the lowest number of closed pore defects of 166 in comparison 

to 532 for 800 mm/s under identical hatch distance. 400 mm/s scan speed (Fig 34a) can be seen to 

produce larger irregular shaped porosity defects confined to certain regions of the sample while 

800 mm/s scan speed (Fig 34b) also created smaller porosity defects distributed at a larger proportion 

throughout the sample. Reducing energy density at the powder bed further by maintaining a 400 mm/s 

scan speed while increasing the hatch distance to 0.20 mm increased the number of pores to 2270 while 

reducing sample density to 94.6% as shown in Fig 34c.  

Porosity defects produced during the L-PBF process have seen significant investigation [51,52,60] and 

while keyhole and blowhole pore defects are spherical in shape and are caused by trapped gas, lack of 

fusion porosity appear as larger irregular shaped pores [52]. These can be caused by insufficient powder 

(a) (b) (c) 

1 mm 
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delivery and/or insufficient energy at the powder bed. Furthermore, powder morphology as well as 

unoptimised parameters for specific sample areas, such as incorrect bulk and contour parameters could 

result in pore defect generation.  

 

Fig. 35. XCT 3D visualisation of porosity morphology for (a) 0.15 mm hatch distance 400 mm/s scan speed (b) 0.15 mm 

hatch distance 800 mm/s scan speed. and (c) 0.20 mm hatch distance and 400 mm/s scan speed. 

Fig 35 shows porosity morphology for 0.15 mm hatch distance at 400 mm/s and 800 mm/s and 0.20 mm 

hatch distance and 400 mm/s scan speed. Fig 35a highlights the larger irregular shaped pore morphology 

produced by 400 mm/s scan speed and 0.15 mm hatch distance suggesting lack of fusion porosity 

defects. Fig 35b highlights an increase in finer porosity distribution with an increase in scan speed while 

Fig 35c highlights a significant increase in pore defects due to larger hatch distance of 0.20 mm. The 

porosity morphology and distribution in Fig 35b and Fig 35c suggests that reducing energy density at 

the powder bed with either increased scan speed or larger hatch distance increases keyhole and blowhole 

porosity defects throughout the samples. 

Fig 35a suggests that although laser energy at the powder bed is higher due to the relatively slower scan 

speed the porosity produced is lack of fusion porosity. Therefore, the samples produced have suffered 

from either insufficient powder delivery due to powder feedstock and/or insufficient energy at the 

powder bed due to unoptimised parameters. Further analysing pore distribution XCT 3D visualisations 

for samples in Z and X views were created and can be seen in Fig 36. While it can still be seen that pore 

content increases with increased hatch distance it can also be seen that the lack of fusion porosity for 

(a) (b) (c) 
300 µm 
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both 400 mm/s scan speed 0.15mm hatch distance (Fig 36a) and 800 mm/s scan speed 0.15 mm hatch 

distance (Fig 36b) is more prevalent in the outer contour areas of the samples. 

 

Fig. 36. XCT 3D visualisation of porosity content and distribution for (top) Z view and (bottom) X view at (a) 0.15 mm hatch 

distance 400 mm/s scan speed (b) 0.15 mm hatch distance 800 mm/s scan speed. and (c) 0.20 mm hatch distance and 

400 mm/s scan speed. 

Although 800 mm/s 0.15 mm hatch distance (Fig 36b) has higher porosity values, the bulk area for both 

400 mm/s (Fig 36a) and 800 mm/s (Fig 36b) contain significantly less porosity content than the larger 

hatch distance of 0.20 mm (Fig 36c) which is likely due to lack of fusion porosity forming between 

laser scan paths due to the larger hatch distance. Lack of fusion porosity content within the contour 

regions is likely due to unoptimised L-PBF contour parameters which were not considered in the scope 

of this study.  

(a) (b) (c) 

1 mm 
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4.3.4. Surface roughness 

The surface quality of AM structures influences resultant component mechanical and thermal properties 

[38,56] and while rough surface finish is usually not desired due to its relation with reduced strength 

[56,240,241], rough surfaces can also be beneficial for certain applications such as thermal transfer 

through enhanced fluid flow and mixing [38,99]. Previous studies investigating common L-PBF 

materials including stainless steel, titanium, aluminium and cobalt chrome have reported both positive 

and negative effects of varying laser power, hatch distance and scan speed parameters on surface quality 

and strength of fabricated components [56,240–243]. However, surface quality analysis of more novel 

L-PBF materials have seen less investigation with pure silver surface roughness yet to be reported. 

Accordingly, the surface roughness of an as built L-PBF pure silver structure is reported with the aim 

of aiding future L-PBF process parameter optimisation. L-PBF contour parameters remained constant 

at 400 mm/s 0.15 mm for this study and therefore this sample was selected as a representative sample 

of surface roughness. While the largest peak or trough variations from centre can be seen to be +35 µm 

for the horizontal surface (Fig 38a) and -137 µm for the vertical surface (Fig 38b) the Ra values were 

shown to 5.89 µm (horizontal) and 16.03 µm (vertical) respectively. While further parameter 

optimisation and development should result in improved surface quality for L-PBF pure silver the Ra 

values recorded are comparable with Ra values reported for current materials such as titanium Ra = 

⁓10.3 µm [244] Cobalt chrome Ra = ⁓ 8-12 μm [242] and aluminium Ra = ⁓ 4.32-7.50 µm [243] 

respectively.  
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Fig. 37. Digital microscope images of AM pure silver as built surface roughness for (a) horizontal and (b) vertical faces. 

 

Fig. 38. Digital microscope of AM pure silver as built surface profile for (a) horizontal and (b) vertical faces. 

4.3.5. Fractography 

Following tensile testing the fracture surfaces of each sample were investigated using optical and SEM 

microscopy. Fig 39 shows comparative optical microscopy images of fracture surfaces produced for 

400 mm/s and 0.15- and 0.16 mm scan speeds and hatch distances. Unmolten powder particles are 

clearly visible at both fracture surfaces where lack of fusion porosity defects have been created during 

the L-PBF process. This could be due to poor laser absorption of the pure silver material and/or the 

requirement for further L-PBF process parameter development.  

100 µm 

(a) 

(b) 

1 mm 

+35 µm 

-35 µm 

+137 µm 

-137 µm 

(a) 

(b) 
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Fig. 39. Optical microscopy image of AM pure silver fracture surfaces for 400 mm/s scan speed at (a) 0.16 mm hatch 

distance and (b) 0.15 mm hatch distance. 

Further SEM analysis (Fig 40) was also conducted on 800 mm/s scan speed and 0.16 mm hatch distance 

fracture surface as this sample had the highest Youngs Modulus of all samples which also confirmed 

the lack of fusion porosity voids and unmolten powder. Overall, the fractography shows that the failure 

is significantly influenced by the defects and the mechanical performance can be optimised by reducing 

the porosity defects by optimising the L-PBF process parameters.  

 

Fig. 40. SEM images of L-PBF pure silver fracture surface for 800 mm/s scan speed and 0.16 mm hatch distance showing 

(a) lack of fusion porosity defects and (b) unmolten powder particles.  

Evaluating the stress-strain curve shown in Fig. 31 in conjunction with fractography (Fig. 40) it was 

clear that the strain associated with failure was representative of a ductile material. However, a moderate 

(a) (b) 

(a) (b) 
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ductile classification was most appropriate as the performance and associated failure of all Ag samples 

exceeded a 5% strain but falls close to or below 10% at failure. The reason for moderate ductile 

behaviour can be identified from the SEM fractography (Fig. 40) which reveals the L-PBF porosity 

aiding failure. As a result of this the samples were unable to exhibit pure ductile performance attributed 

to traditionally manufactured silver that is homogeneous in nature. However, an appreciable amount of 

permanent plastic deformation accompanies the fracture that was largely manifested macroscopically 

across the cross-section in the form of distortion.  

4.4. Summary 

In this chapter pure Ag tensile samples were fabricated using 400W L-PBF AM. Scan speed and hatch 

distance parameters were varied to ascertain the relationship between pure Ag density, pore defect 

properties and yield strength, Youngs Modulus, yield strain and ultimate tensile strength. XCT analysis 

and 3D visualisation techniques were utilised to verify the corresponding porosity morphology and 

distribution throughout the samples. SEM and optical microscopy techniques were then used to analyse 

the pure silver fracture surfaces and digital microscopy utilised to analyse L-PBF pure Ag surface 

roughness. Scan speed and hatch distance parameters were shown to have a significant effect on pore 

defect creation, morphology, and distribution within the pure Ag structures. Porosity morphology, 

content and distribution varied significantly as energy density at the powder bed was altered through L-

PBF parameter adjustment, which in turn effected pure silver density and mechanical performance. 

Generally, as hatch distances increased the number of pore defects and therefore surface area of those 

pore defects within the sample bulk areas increased (suggesting further reducing the hatch distance 

would be beneficial). This was due to lack of fusion porosities being created between laser scan paths 

due to the larger distances between laser scans. Yield strength and ultimate tensile strength for all scan 

speed samples was seen to reduce as hatch distance increased. Porosity morphology and average pore 

size was seen to have the most significant effect on Youngs Modulus values. When average pore size 

was calculated the samples with the largest average pore size >0.0132 mm2 had the lowest Youngs 

Modulus values. Smaller finer distributed pore defects (weather lack of fusion, keyhole, or blowhole) 

resulted in a higher Youngs Modulus. A higher bulk density resulted in higher yield and ultimate 
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strength with Youngs Modulus being affected by pore defect morphology. Bulk density values as high 

as 99.8% are reported for L-PBF pure silver. Overall, it is clear that contour process parameters require 

further optimisation to reduce lack of fusion pore defects within these regions. However, surface 

roughness was shown to be comparable with current L-PBF materials. Samples were shown to fail at 

lack of fusion porosity regions with unmolten powder clearly visible in SEM and optical microscopy 

analysis of the fracture surfaces. The mechanical properties of L-PBF pure silver can be altered through 

process parameter adjustments resulting in different densities within the bulk and contour regions. Pore 

defect morphology and distribution within these regions was shown to effect yield strength and Youngs 

Modulus of the samples differently. These results offer the potential for future work regarding custom 

yield strength and Youngs Modulus creation through lattice structure design of bulk and contour 

regions. These are preliminary results that offer a benchmark for L-PBF processing highly reflective 

and thermally conductive metallic materials such as Ag.  
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Chapter 5 Mechanical performance of L-PBF Ag and Cu 

5.1. Introduction 

While recent investigations discussed highlight the potential for L-PBF Cu processing common 400W 

standard lasers have seen little to no investigation in this respect. Additionally, comparative analysis 

with Ag is yet to be reported leaving a gap in knowledge. Accordingly, this chapter ascertains the L-

PBF processing of high purity Cu and Ag while comparing their pore characteristics and resultant 

mechanical performance under identical process parameters. This is achieved through a combination of 

XCT, 3D visualisation, SEM, and dynamic image particle analysis.  

5.2. Material and methods 

All samples investigated in this chapter were fabricated using an EOS M290 industrial-grade AM 

system (using the parameters and method described in previous chapters) using pure (99.9%) Ag and 

Cu powders with morphology as shown Fig. 41. As in previous chapters the EOS M290 system featured 

a 400 W laser with 100 µm spot size and the laser melting process was carried out in an argon 

atmosphere with an oxygen content below 0.1% at a substrate temperature of 35°C. Following 

fabrication, all samples were removed from the build platform using non-contact Electrical Discharge 

Machining (EDM). Investigation of the pore morphology and its distribution is crucial for 

understanding the effects of L-PBF processing on the material performance and failure criteria. 

Accordingly, industrial metallurgy grinding, and polishing techniques combined with SEM analysis 

were used to study sample density and pore morphology. L-PBF pure Ag and Cu porosity void type and 

distribution were characterised using SEM and stream essentials software. L-PBF process parameters 

(developed in chapters 3 and 4) listed in table 3 were used for sample fabrication and were kept constant 

to ensure any variation in pore morphology and distribution were a direct result of powder feedstock 

and material alone. 

Table 3. L-PBF process parameters developed for 99.9% silver and copper sample fabrication 

Laser Power Scan Speed Hatch Distance Layer Thickness 

370 W 400 mm/s 0.14 mm 30 µm 
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5.2.1. Powder characterisation  

Powder morphology and particle distribution can affect the packing density and flowability of AM 

powders [61] subsequently dictating their thermomechanical behaviour during the L-PBF process 

[61,245]. Therefore, powder element content, morphology, and PSD were characterised using SEM and 

digital particle analysis techniques. A Retsch Technology Camsizer X2 was used to validate the particle 

morphology, size, and shape.  

5.2.2. Tensile performance 

Quasi-static tensile tests were carried out using a Zwick Roell 1474 universal testing machine featuring 

a maximum load capacity of 100 kN. The tests were conducted at room temperature and samples were 

strained to failure through a displacement-controlled load at a rate of 0.06 mm/s. A maximum load of 

80 kN with a force shutdown threshold of 50% was applied. A deformation-controlled load was applied 

to prevent the test from stalling to capture both the elastic and plastic range. Real-time force-

displacement (𝑓 − 𝛿) and stress-strain (𝜎 − 휀) curves during tension were recorded using ‘TestXpert 

2’. The Young’s modulus of each specimen was obtained as the slope of the linear part of the 𝜎 − 휀 

curve. The yield strength of each sample was identified with the 0.2% offset, i.e. the stress at which the 

𝜎 − 휀 curve for axial loading deviates by a strain of 0.2% from the linear-elastic region. Due to material 

and manufacturing costs, it was not possible to follow specific ASTM standards for tensile sample 

fabrication or use an extensometer during testing. Therefore, elastic modulus and elongation to failure 

are only for comparative purposes.  

5.2.3. X-ray computed tomography 

A Bruker Skyscan 2211 X-ray computed nanotomography (XCT) was used to analyse sample pore 

defect distribution and morphology following the methodology from chapter 4.  

5.2.4. Fractography 

Fractography of the failed surfaces was analysed using Zeiss scanning electron microscopy (SEM) to 

characterise the failure modes of L-PBF processed Cu and Ag. 
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5.3. Results and discussion 

5.3.1. Powder characterisation  

Fig. 41a and 41b show the SEM data of pure Ag and Cu powders used for L-PBF fabrication in this 

chapter. The results show that while Ag and Cu particles feature a relatively spherical morphology 

particle size varies. Pure Ag powder contained a more even distribution of particle size and a larger 

distribution of powder particles below 20 µm with visible satellite particles. In contrast, most pure Cu 

powder particles are above 20 µm with fine particles also visible. To this extent, Fig. 41a and 41b 

highlight the spherical morphology of the powder particles, which is desired for the L-PBF process to 

enhance both the packing density and the flowability of the powder [61].  

 
Fig. 41. SEM data showing the particle morphology for (a) pure Ag and (b) pure Cu. 

To confirm powder elemental composition Energy Dispersive X-Ray Spectroscopy (EDX) analysis was 

carried out using a Zeiss EVO50 SEM. The resulting EDX spectra data is shown in Fig. 42a-b with 

wt.% summarised in table 4. Pure Ag powder was shown to be 99.73% with balance oxygen while pure 

Cu powder was shown to be 99.08% copper with balance oxygen.  

 

Fig. 42. EDX element analysis for (a) 99.9% Ag powder and (b) 99.9% Cu powder. 

(a) (b) 

(a) (b) 
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Table 4. Element composition of pure Ag and Cu powders used for the L-PBF process derived from their respective EDX 

spectrums as shown in Fig. 42 

Material Element  Weight (%)  

(a) 99.9% Silver  Ag 99.73 

(b) 99.9% Copper  Cu 99.08 

In addition to chemical composition, the size and shape of the powder particles are of vital importance 

for the powder bed processability. Compared to optical microscopy, the dynamic image analysis is 

based on measurement data of a large number of particles and is therefore statistically more relevant 

and offers better reproducibility. Dynamic analysis of pure Ag and Cu powders are shown in Fig. 43a 

and 43b respectively, where the typical particle size and shape are shown. The Xmax, Xmin, and Xarea are 

the particle length, width, and equivalent circular surface area. As shown in Fig. 43a, Ag powder 

particles were irregular in shape indicating the presence of satellite particles while the pure Cu powder 

particles (Fig. 43b) showed less variation between Xmax and Xmin indicating a relatively spherical shape. 

 
Fig. 43. Particle morphology characteristics for (a) pure Ag and (b) pure Cu 

To establish excessively high or low particle distribution that can affect the powders processability for 

L-PBF, the results from the particle analyser were used to distinguish the mode, mean, median, and 

volume fractions (D10, D50, and D90) to identify the Particle Volume Distribution (PVD) as shown in 

Fig. 44. Analysis concluded pure Ag as having a D10 of 20.3 µm, D50 of 30.2 µm, and D90 of 41.4 µm 

(Fig. 44a). This is slightly higher than values in chapter 3 which can be explained by Ag feedstock reuse 

and the potential loss of finer particles effecting feedstock particle distribution. Pure Cu featured a D10 

of 44.0 µm, D50 of 52.1 µm, and D90 of 58.2 µm (Fig. 44b) suggesting the pure Ag and Cu powders 

measured in this chapter have relatively even distribution and are suitable for L-PBF processing. 

(a) (b) 
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Fig. 44. Particle volume distribution for (a) pure Ag and (b) pure Cu. 

5.3.2. L-PBF samples 

Conventionally manufactured high purity Ag has a tensile strength between 110 MPa and 340 MPa 

dependant on manufacturing method and post processing treatment while Cu has a tensile strength 

between 210 MPa and 390 MPa dependant on manufacturing method and post processing treatment. 

Pure Ag and Cu tensile samples manufactured using L-PBF are displayed in Fig 45. Materials in the as-

built state (Fig. 45a) were found to have a visibly rough surface. However, once post-processed (Fig. 

45b) through abrasive blasting, the unmolten powder was removed to reveal a smoother surface finish 

representative of a dense part. 

 

Fig. 45. L-PBF pure Ag and Cu examples showing (a) silver as-built and (b) copper post-processed 

Following the traditional route of evaluating the porosity, SEM data from polished pure Ag and Cu 

samples are shown in Fig. 46a and 46b respectively. Even though irregularly shaped pores can be 

identified for both the materials being studied, Cu was found to exhibit comparatively larger pore 

defects. Overall, the porosity for pure Ag was evaluated at 2.78% with the highest pore size of 483 µm. 
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In comparison, pure Cu exhibited both significantly higher porosity and pore size of 7.60% and 690 µm 

respectively. 

 

Fig. 46. SEM imaging of polished L-PBF Z view of (a) pure Ag and (b) pure Cu. 

The consensus is that a reduction in yield strength and reduced elongation to failure is observed with 

increasing pore size. This can be true for porosity associated with L-PBF Ag and Cu parts as well, 

nevertheless, it is important to recognise that SEM data only shows pores on a single layer (2D). This 

means that other layers can feature different distribution in pore morphology which can cause variation 

in mechanical performance. Therefore, a complete understanding of the three-dimensional volumetric 

pore data within the parts is critical to understand its influence on the resulting mechanical performance. 

Accordingly, to understand the overall distribution of the porosity 3D data is warranted for which XCT 

analysis was conducted. 

5.3.3. Porosity variations 

While the SEM analysis presented in Fig. 46a and 46b indicate density and defect content of the pure 

Ag and Cu components, they offer limited information on its distribution throughout the sample. Using 

the XCT analysis allows to ascertain the 3D porosity morphology and distribution along with the 

differences between L-PBF pure Ag and pure Cu to be investigated. This aspect is enabled in this study 

because of the material’s compatibility with the process parameter used. Such a comparison using vastly 

dissimilar material may not offer further insights if the process parameters are not interchangeable. 

 

 

(a) (b) 
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Table 5. XCT porosity and pore defect properties for L-PBF pure Ag and Cu. 

Material Bulk density 

(%) 

Number of 

closed pores 

Surface of closed 

pores (mm2)  

Average pore size 

(mm2) 

Pure Ag  99.9 90 1.13 0.0126 

Pure Cu 99.8 130 1.56 0.0120 

XCT informed bulk density and the closed pore porosity content together with the pore surface area for 

pure Ag and Cu is listed in table 5. The corresponding 3D visualisations for Ag and Cu can be found in 

Fig. 47a and 47b respectively.  X-ray absorption rates were found to be similar for both Ag and Cu 

samples which allowed for comparative analysis. 3D reconstruction of the X-ray data was created (Fig. 

47) where relatively dense material (high X-ray absorption) was represented by 1 (blue) while 0 (black) 

represented relatively low X-Ray absorption and therefore potential porosity voids. Closed pore 

porosity voids were then isolated and can be seen highlighted in red in Fig 47. 

 

Fig. 47. XCT 3D visualisation of porosity content and distribution shows (a) pure Ag and (b) pure Cu. The contour 

represents X-ray absorption weighted for material density. 

While it is clear from Fig. 47 that there are significant differences in both porosity and pore morphology 

throughout the sample, Fig. 47 itself does not provide enough clarity. To further study this Fig. 48 

presents the Z plane and X plane views for XCT 3D data for both Ag (Fig. 48a) and Cu (Fig. 48b). 

While pure Cu is shown to have a larger pore content, these pore defects are more confined to the top 

of the sample where 2D SEM analysis was conducted. Pore defects for pure Cu (Fig. 48b) can be seen 

to be confined to certain regions within the sample suggesting poor powder delivery rather than 

incorrect parameters or laser-material interactions. While the lack of fusion porosity was distributed 

1 mm 

(a) 

(b) 
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more evenly throughout the pure Ag sample and is likely to be due to non-optimum L-PBF parameters. 

These 3D visualisations further highlight the importance of nondestructive XCT analysis to ascertain a 

true understanding of defects throughout L-PBF fabricated components.  

 

Fig. 48. XCT 3D visualisation of porosity content and distribution for Z and X for (a) pure Ag and (b) pure Cu.  

5.3.4. Pore morphology and distribution 

While pore defects in L-PBF Ag are irregular in shape but evenly distributed; the defects in Cu were 

found to be spherical that are confined to specific areas and layers. A comparative characterisation of 

pore size using the XCT data in X, Y and Z build views are shown in Fig. 49a, 49b, and 49c. For pure 

Ag, relatively larger evenly distributed yet irregular pore morphology consistent with lack of fusion 

porosity can be observed. This suggests that these pore defects were created during the L-PBF process 

attributable to the influence of both laser processing and the subsequent thermo-mechanical behaviour 

of Ag. Contrastingly, for Cu, the spherical nature of the pores means that they are consistent with 

blowhole or keyhole porosity. These defects are a result of gas entrapment during the L-PBF process, 

which may be indicating a low packing density at the powder bed. When the packing density of metal 

powders at the powder bed is low, the gas present between the powder particles may dissolve in the 
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melt-pool during the laser melting process. The subsequent high cooling rate of the melt pool during 

the solidification process prevents the dissolved gas from resurfacing causing porosity which remains 

in the fabricated part. This means that while the thermo-mechanical properties of the two materials (Ag 

and Cu) are comparable, the differences in porosity type exhibited by the materials suggest that different 

approaches are needed to improve the density and reduce pore defects. For Ag, strategies to improve 

fusion are required whereas for Cu an improved packing density and chamber constraints are suitable. 

 
Fig. 49. XCT based comparison of pore morphology between L-PBF processed pure Ag and Cu tensile test samples showing 

(a) X plane, (b) Y plane and (c) Z plane. 

Furthermore, the molten pool temperature is also generally high due to the intense laser power required 

when it comes to highly reflective materials such as Ag and Cu: meaning, the gas solubility in the melt-

pool is high and in the process of preparing powder materials, gas is inevitably introduced into the 

powder materials. The spherical porosities are therefore randomly distributed in an L-PBF fabricated 

60 µm 160 µm 160 µm 80 µm 

Ag Cu Ag Cu 

240 µm 110 µm 80 µm 80 µm 

Ag Cu 

80 µm 200 µm 140 µm 80 µm 

(a) (b) 

(c) 



93 

part, and often difficult to eliminate, however, evaluation through XCT in the way that is demonstrated 

in this study allows for further refinement of the processing parameters required for a denser part.  

As can be seen the quality and pore content of resultant L-PBF parts varies with material feedstock 

which can subsequently affect the mechanical performance of the materials. Therefore, the analysis 

itself is incomplete without a critical understanding of the influence of porosities on the resulting 

mechanical performance of the fabricated Ag and Cu. With this view, the subsequent mechanical 

analysis is aimed at understanding the extent of the pore defects on the mechanical properties.  

5.3.5. Tensile performance 

Porosity defects in L-PBF processed materials result in stress concentration in the fabricated part, which 

can lead to premature failure. Both the size and morphology of the porosity influence the magnitude of 

stress being generated. If the stress because of these stress raisers exceeds the yield strength of the bulk 

material, a crack may form and gradually propagate in the part resulting in fracture.  

 

Fig. 50. Stress-strain curves obtained for as-built L-PBF pure Ag and Cu. 

Evaluating the stress-strain (𝜎 − 휀) curve for L-PBF pure Ag and Cu samples as shown in Fig. 50 

reveals consistent elastic and plastic regions. The corresponding performance parameters namely the 

Yield strength (𝜎𝑦), Young’s modulus (E), failure strain (휀𝑓) and ultimate tensile strength (UTS) are 

summarised in table 6. It was found that the L-PBF pure Cu exhibited a yield strength of 161.04 MPa 
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which is ~80% higher than of the minimum 𝜎𝑦 exhibited by wrought C11000 Cu at 69 MPa [204]. This 

increase in 𝜎𝑦 despite porosity defects can be attributed to the rapid melting and solidification occurring 

during the L-PBF process. The high cooling rate often results in a finer grain microstructure resulting 

in improved yield strength in comparison to traditional wrought counterparts. However, when it comes 

to the UTS the influence of pore defects means that the L-PBF Cu showed a 10% worse performance 

at 197.09 MPa in comparison to 220 MPa for wrought Cu.  

Table 6 Summary of mechanical performance exhibited by L-PBF 99.9% pure Ag and Cu. 

Material 𝝈𝒚 (MPa) E (GPa) 𝜺𝒇 (%) UTS (MPa) 

99.9% Ag 77.09 15.62 15.43 124.9 

99.9% Cu 161.04 18.28 5.08 197.09 

When looking at the performance of L-PBF pure Ag, the lack of fusion porosity has a significant effect 

on the mechanical performance. In comparison to bulk Ag, the L-PBF processed version showed 

approximately 57% lower yield strength at 77.09 GPa. Although there are no other previous studies on 

L-PBF pure Ag, the mechanical properties seem to outperform the sintered Ag [246]. In comparison to 

Young’s modulus for sintered Ag of 10 GPa, the L-PBF version showed a 43% improvement at 15.62 

GPa. For yield strength, the improvement was even higher at 56% at 77.09 GPa in comparison to 43 

GPa for the sintered version. Overall, the performance of L-PBF pure Ag is dependent on the process 

parameters (as demonstrated in chapter 4) and the resulting pore defects. Further to the mechanical 

performance, the fracture surfaces of the failed samples were investigated to characterise the failure 

modes of L-PBF pure Ag and Cu. 

5.3.6. Fractography 

SEM data for L-PBF pure Ag and Cu fracture surfaces are shown in Fig. 51. Consistent with the XCT 

observation, the Ag fracture surface exhibits visible pore defects and unmolten powder particles related 

to a lack of fusion pore defects. However, there is no lack of fusion pore defects (Fig. 51b) visible within 

the pure Cu fracture surface. During L-PBF, the metallic particles experience rapid melting and rapid 

solidification under a high energy density. Combining this with the melt-pool cooling rate results in a 

high-temperature gradient which can lead to large residual stresses. This unique combination of high-
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temperature gradient and residual stress can also contribute to crack initiation and propagation in a 

fabricated part which often results in reduced strength and stiffness characteristics of L-PBF parts. The 

irregular morphology of pore defects distributed throughout pure Ag samples highlighted by XCT 

analysis can be confirmed to be a lack of fusion porosity as shown in Fig. 51a. Furthermore, the presence 

of unmolten powder and multiple lack of fusion porosities visible at the fracture surface and material 

failure site suggests these porosity pore defects cause failure or create a failure point for L-PBF pure 

Ag. 

 

Fig. 51. SEM informed fractography data of fracture surfaces for (a) Ag and (b) Cu. 

5.4. Summary 

Porosity defects and their influence on the mechanical performance of L-PBF pure Ag and Cu are not 

well understood in current literature. However, it has a significant influence on the real-world 

application of these highly reflective and thermally conductive materials. In this regard, this study 

undertook the fabrication of pure Ag and Cu using L-PBF techniques and the associated pores defects 

are characterised. It was found that porosity defects vary in extent, distribution, and morphology 

depending on the powder feedstock selected under identical processing conditions. The effects of these 

pores can be detrimental to the mechanical properties of the produced parts the extent of which is 

demonstrated in this study. Results show that L-PBF pure Cu exhibits Young’s modulus of 18.28 GPa 

and ultimate tensile strength of 197.09 MPa. L-PBF pure Cu exhibited 𝜎𝑦 of 161.04 MPa, which is 

~80% higher than of the minimum 𝜎𝑦 exhibited by wrought C11000 Cu at 69 MPa. However, the 

influence of pore defects on UTS means that the L-PBF Cu showed a 10% worse performance at 197.09 
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MPa in comparison to 220 MPa for wrought Cu.  Ag showed approximately 57% lower yield strength 

at 77.09 GPa at an E of 15.62 GPa and 𝜎𝑦 of 77.09 GPa. Sample density, number of closed pores and 

average pore defect size were shown to be comparable for both the materials however the difference in 

morphology and distribution of porosity affected the tensile properties significantly. Comparative XCT 

bulk density values for pure Ag and Cu were found to be 99.9% and 99.8% respectively. However, the 

density values used in this investigation were for comparison (not absolute) purposes as the separation 

between density and porosity is set during XCT set up. It could be seen that the lack of fusion porosity 

within the pure Ag sample was more evenly distributed and visible at the fracture surfaces. Pure Ag 

samples were shown to fail around the lack of fusion porosity regions with unmolten powder visible in 

SEM fracture surface analysis. The results reported by this study highlight that L-PBF processing of 

reflective and thermally conductive pure Ag and pure Cu is possible and resultant bulk density is 

comparable with the same L-PBF parameters. However, lack of fusion pore defects is more evenly 

distributed within pure Ag samples and XCT analysis is critical in ascertaining pore defect type, 

morphology, and distribution.    

o Ag (99.73%) and Cu (99.08%) displayed relatively spherical powder particles and SEM and digital 

imaging analysis concluded that the morphology and PSD for pure Ag and Cu powders were 

suitable for the L-PBF process.  

o L-PBF Ag exhibits evenly distributed irregular morphology porosity associated with lack of fusion 

pores while L-PBF Cu exhibited spherical morphology porosity associated with gas entrapment 

pores which were isolated to certain regions. Improved packing density and further process 

parameter development work would be required to improve Ag density however the cost of the 

feedstock material limits its use in high purity form. Cu density improvements would require 

improved packing density through lower PSD and/or process optimisation.  

o L-PBF Ag exhibited higher failure strain yet significantly lower yield strength and UTS in 

comparison to L-PBF Cu. Cu processed in this study exhibited a yield strength of 161.04 MPa and 

UTS of 197.1 MPa which is 109% and 59% higher in comparison to Ag at 77.1 MPa and 124.9 

MPa.   
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Chapter 6 - Mechanical performance of L-PBF Cu-Ag alloys 

6.1. Introduction 

While the L-PBF of Ag and Cu as alloying and base elements is undergoing increasing research, the 

morphology and distribution of porosity throughout L-PBF Cu-Ag fabricated structures are yet to be 

understood. Understanding this aspect is critical for the development of novel alloys as pore defects 

have a significant effect on the thermomechanical properties [232,235] of the components. Therefore, 

understanding L-PBF pore defect distribution for Cu-Ag structures will aid in their optimum fabrication 

for a variety of industries and applications. Accordingly, this chapter reports the L-PBF fabrication of 

CuAg10, CuAg20 and CuAg30 alloys and their resultant mechanical performances both as built and 

annealed. L-PBF powder composition, morphology and distribution are reported using dynamic 

imaging, Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray (EDX) analysis. 

Fabricated pore defect morphology and distribution are described through XCT 3D visualisation and 

Cu-Ag alloy crystal structure is analysed through X-Ray Diffraction (XRD) techniques. Yield strength, 

Young’s Modulus, failure strain and Ultimate Tensile Strength (UTS) of as built and annealed Cu-Ag 

structures are reported and sample fracture surfaces are analysed using SEM and Energy Dispersive X-

Ray (EDX). This chapter reports the mechanical properties and pore defect morphology and distribution 

in L-PBF Cu-Ag structures with varying Ag content.  

6.2. Material and methods 

The L-PBF investigations presented in this chapter were carried out on an EOS M290 industrial grade 

AM system (using the parameters and method described in previous chapters) using CuAg10%, 

CuAg20% and CuAg30% powders comprising of atomised pure Cu and Ag powders. The L-PBF 

system featured a 400W laser with 100µm spot size and all builds were completed in an argon 

atmosphere with oxygen content in the process chamber below 0.1%. The process was carried out on 

substrates heated to 35°C. Following fabrication all samples were removed from the build platform 

using none contact Electrical Discharge Machining (EDM) techniques. Half of the as built samples were 

post heat treated with a Cu-Ag annealing process and subsequent mechanical testing was conducted 
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using a Zwick Roell 1474 material test system with 100 kN maximum load capacity. A Bruker Skyscan 

2211 X-ray nanotomograph was used to analyse sample pore defect distribution and morphology while 

fracture surfaces were analysed using Scanning Electron Microscopy (SEM). Atomic lattice structure 

analysis was conducted using Panalytical Empyrean, copper anode X-Ray Diffraction system operating 

at 40 KV and 40 mA. X-Ray Diffraction (XRD) was selected for this study as it offers data analysis 

over a relatively larger area in comparison to other more focused analysis techniques which is beneficial 

for the first reported analysis of L-PBF Cu-Ag alloy structures. Olympus Stream Essentials software 

was utilised for comparative porosity analysis on fracture surfaces. 

6.2.1. Powder characterisation  

Atomised Cu-Ag powder combinations utilised in this study were created using pure Cu and Ag 

powders proven to be suitable for L-PBF processing in previous chapters. EDX analysis was completed 

using a Zeiss EVO50 SEM to confirm the elemental content of pure Cu and pure Ag powders before 

mixing. Pure Cu and Ag powders were shown to be 99.08% (Cu) and 99.73% (Ag) respectively. To 

confirm homogenous distribution the element content, morphology, and PSD of the Cu-Ag powders 

were characterised using SEM and digital particle analysis techniques. A Retsch Technology Camsizer 

x2 was used to analyse particle distribution.  

6.2.2. Annealing process 

To investigate post heat treatment and recrystallisation for L-PBF Cu-Ag alloys, 50% of the as built 

samples were annealed at 500 ºC for a 30-minute period and left to cool. Atomic lattice structure 

variations were then investigated using XRD and the results reported alongside the resultant effects on 

mechanical performance and pore defect distribution. 

6.2.3. X-Ray Computed Tomography  

XCT analysis for this study was conducted utilising a Bruker Skyscan 2211 X-ray nanotomograph. All 

samples were scanned with the same XCT scanning, threshold and reconstruction parameters to ensure 
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any notable changes in porosity can be attributed to either the difference of Ag in the AM material 

feedstock or the annealing process. 

6.3. Results and discussion 

6.3.1. Powder characterisation  

The resulting SEM data for Cu-Ag powders are shown in Fig 52. Cu-Ag powder particles can be seen 

to be spherical in shape, however, the morphology and PSD varies with Ag content due to the 

differences in Cu and Ag morphology. As described in chapter 5 Cu particles are generally larger with 

a mix of smaller Cu and Ag powder particles within the powder samples.   

 

Fig. 52. Scanning Electron Microscopy (SEM) images for Cu-Ag powders showing (a) CuAg10, (b) CuAg20 and (c) 

CuAg30. 

Fig 53 shows the EDX spectra data with table 7 showing the elemental composition for each of the Cu-

Ag powder mixes highlighting that the respective increase in Ag content as expected with the respective 

10, 20 and 30% addition.  

(a) (b) (c) 
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Fig. 53. Energy Dispersive X-Ray (EDX) element spectra for (a) CuAg10, (b) CuAg20 and (c) CuAg30. 

Table 7. Elemental weight composition of the different Cu-Ag mixtures as informed by the EDX spectrum. 

Material Element Weight (%) 

CuAg10 
Cu 92.51 

Ag 07.49 

CuAg20 
Cu 72.50 

Ag 27.50 

CuAg30 
Cu 64.20 

Ag 35.80 

Although the content of Ag increases as anticipated with expected elemental compositions, the actual 

weight % for each Cu-Ag powder mix varies. This could be due to non-homogenous distribution within 

the powder mix or variations in the EDX results due to powders nonuniform morphology. To establish 

excessively high or low particle distribution that can affect the powders processability for L-PBF AM 

the Cu-Ag powders D10, D50, and D90 volume fractions were identified and are displayed in Fig 54. D10 

volume decreases as Ag content increases due to pure Ag lower PSD. D50 and D90 volume remain 

relatively unchanged for all Cu-Ag powder mixes suggesting that the Cu-Ag powders measured are 

suitable for L-PBF AM. 
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Fig. 54. Particle Volume Distribution (PVD) for CuAg10, CuAg20 and CuAg30 powders.  

6.3.2. L-PBF samples  

Process parameters developed in previous chapters were used for Cu-Ag sample fabrication (table 3). 

As built CuAg10, CuAg20 and CuAg30 samples are shown in Fig 55. While it is known varying L-

PBF process parameter sets can affect the resultant material performance [247], processing parameters 

were kept constant for this study to ensure material performance variations were related to material 

composition and Ag content. Although all Cu-Ag samples were fabricated with the same parameters 

and had visibly similar surface finish there was a clear colour variation throughout due to the increased 

Ag content, particularly with the higher Ag 30% content (Fig. 55c).   

 

Fig. 55. As built Cu-Ag in situ alloy samples on build substrates showing (a) CuAg10, (b) CuAg20 and (c) CuAg30 
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6.3.3. Porosity defect analysis   

Chapters 4 and 5 have shown that understanding L-PBF porosity morphology and distribution is crucial 

for understanding the effects of L-PBF processing and material failure. Accordingly, XCT analysis was 

conducted to ascertain 3D visualisations of porosity morphology and distribution and to investigate any 

resultant pore defect variations associated with increased Ag addition. XCT porosity data for L-PBF 

Cu-Ag alloys at Ag 10%, 20% and 30% are shown in Fig 56. The number of pores and average pore 

size was found to decrease as Ag content increases for both Cu-Ag as built and annealed samples. 

Overall, the quantity of pores decreased by 87% and 83% while average pore size decreased by 40% 

and 9.5% for as built and annealed samples respectively. 

     

Fig. 56. XCT pore defect data for L-PBF Cu-Ag alloys as built and annealed showing (a) number of closed pore defects and 

(b) average closed pore size. 

The annealed samples display a larger proportion of pores and larger average pore size clearly showing 

the annealing process increases pores content, particularly at lower (10%) Ag content, which showed a 

164% increase between as built CuAg10 as built sample to annealed CuAg10 sample. Furthermore, the 

annealing process can be seen to increase pore defect content with corresponding samples displaying 

either similar or higher number of pores and average pore sizes in 11 out of the 12 cases. 

X-ray absorption rates varied for both as built and annealed Cu-Ag samples as shown in Fig. 57a-c and 

Fig. 58a-c respectively. High X-ray absorption signifies a relatively dense material as identified by 1 
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(blue), on the contrary 0 (black) represents areas of lowest X-Ray absorption and therefore potential 

voids (absence of material). To analyse the pore defect morphology and distribution throughout the 

samples the internal closed pore porosity voids were isolated for as built and annealed samples as shown 

in Fig. 57c and 7c respectively. Higher Ag content was found to correspond with less pore defects for 

both as built (Fig. 57) and annealed (Fig. 58) samples, however as built samples displayed significantly 

lower pore defects (Fig. 57) in comparison to annealed samples (Fig. 58). The XCT data and 3D 

visualisations seen in Figs. 57 and 58 show clear variation in the number of pores and average pore size 

as Ag content increases. The addition of Ag reduces pore content and average pore size significantly 

while annealing increased pore content and pore size for all Cu-Ag compositions. CuAg30 with the 

largest Ag content was found to have the lowest pore defect content for both as built (Fig. 57) and 

annealed (Fig. 58) samples. 

 

Fig. 57. X-ray computed tomography 3D visualisation (as built orientation) of as build Cu-Ag samples under different 

compositions as identified showing (a) complete sample, (b) highlighted porosity within the sample and (c) internal closed 

pores isolated for clarity. 
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Fig. 58. X-ray computed tomography 3D visualisation (as built orientation) of annealed Cu-Ag samples under different 

compositions as identified showing (a) complete sample, (b) highlighted porosity within the sample and (c) internal closed 

pores isolated for clarity. 

Pore defects negatively affect a materials mechanical performance [27,52,60] and therefore the larger 

content of these defects seen in the annealed and lower Ag content samples would expect to exhibit 

lower mechanical strength. Reduced porosity due to increased Ag content could be due to lower powder 

PSD resulting in improved packing density and layer delivery or atomic bonding in the Cu-Ag alloy 

system. Accordingly, atomic lattice structure was investigated utilsing XRD.  

6.3.4. Influence on crystal structure 

L-PBF Cu-Ag alloy lattice structures and atomic d-spacing were investigated using a Panalytical 

Empyrean, copper anode X-Ray Diffraction system operating at 40 KV and 40 mA. The XRD cluster 

analysis as shown in Fig. 59 was carried out to identify any variations between Cu-Ag structures at an 

atomic level with L-PBF pure Cu used as a reference sample. Using the eigenvector mathematical 

procedure, a smaller data set is created, and data variables are collated into corresponding groups or 
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principal components. Although using a reduced data set, cluster analysis allows for XRD data 

visualisation highlighting data variances and similarities  [248] and displaying them within related 

coloured spheres. Fig 59 clearly demonstrates separation and variation in atomic structure for L-PBF 

pure Cu and as built and annealed Cu-Ag alloy samples. The addition of Ag and the annealing process 

have obvious effects at the atomic level. The annealing process can be seen to create a similar atomic 

structure for annealed samples due to recrystallisation with all annealed samples clustered in proximity. 

As built samples also display similar atomic structure to each other however cluster analysis shows 

there is more variance.  

 

Fig. 59. X-Ray Diffraction (XRD) cluster analysis for L-PBF pure Cu and as built and annealed Cu-Ag alloys. 

The cluster analysis displays clear variations in atomic lattice structure between annealed samples and 

as built (none heat-treated) samples and therefore XRD data for pure Cu and all Cu-Ag samples was 

investigated further to ascertain atomic lattice variations. L-PBF pure Cu was used as reference sample 

and the XRD spectrum data was obtained for pure Cu as shown in Fig 60. Pure Cu peaks appeared at 2 

Theta = 43.2º, 50.3º and 74.2º respectively, which is consistent with fcc Cu JCPDS (Joint Committee 

on Powder Diffraction Standard) cards.  
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Fig. 60. XRD spectra data for L-PBF pure Cu 

XRD spectrum data for Cu-Ag alloys as built and annealed can be seen in Figs 61, 62 and 63. New Ag 

peaks are present, which increased in count and height as Ag composition content increased from 10% 

to 20% and 30%. This confirmed the homogenous distribution of Ag throughout all Cu-Ag samples 

which all also displayed cubic atomic structures. Furthermore, all samples saw 2º Theta values decrease 

(Fig 64a) with increased Ag content suggesting an increase in d-spacing (Fig 64b) which is explained 

by the presence of the relatively larger silver atoms within the Cu-Ag atomic lattice structures. 

 

Fig. 61. XRD spectra data for (a) CuAg10 as built and (b) CuAg10 annealed 
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Fig. 62. XRD spectra data for (a) CuAg20 as built and (b) CuAg20 annealed 

 

 

Fig. 63. XRD spectra data for (a) CuAg30 as built and (b) CuAg30 annealed. 

However, following the annealing process d-spacing saw significant reductions in relation to as built 

samples (Fig 64b) due to the recrystallisation and contraction of atomic lattice structures. This atomic 

lattice contraction therefore explains the increase in pore defects seen in XCT 3D visualisation (Fig 57 

and 58). As atomic lattice contractions occur, number of pores and the average size increase where 

voids are present throughout the Cu-Ag samples. D-spacing reduced by 0.29%, 1.29% and 2.26% 

respectively for CuAg10, CuAg20 and CuAg30 following the annealing process. As built d-spacing 

displayed a 1.93% increase with increased Ag content from CuAg10 to CuAg30 while annealed samples 

saw a maximum 0.2% change in d-spacing for all three samples. Furthermore, annealed samples 

exhibited d-spacing values below that of as built L-PBF pure Cu.  
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Fig. 64. XRD data for Cu-Ag in situ alloys showing (a) peak position and (b) atomic d-spacing 

6.3.5. Tensile performance 

The addition of Ag to Cu has seen significant research [211,249] and has been shown to have 

strengthening effects due to fine dendrites and an increase in Cu-Ag phase boundaries, which have a 

strong binding effect. Furthermore, Cu matrix and Cu-Ag interfaces were shown to hinder dislocation 

movements [250]. However, investigations regarding the interaction between Cu and Ag at an atomic 

level for L-PBF Cu-Ag alloys has not been reported in literature. Accordingly, Fig 65 presents the 

stress-strain (𝜎 − 휀) curve for L-PBF CuAg10, CuAg20 and CuAg30 alloys with the corresponding 

performance parameters such as the Yield strength (𝜎𝑦), Youngs Modulus (E), failure strain (휀𝑓) and 

Ultimate Tensile Strength (UTS) values shown in Fig 66. Due to material and manufacturing costs, it 

was not possible to follow specific ASTM standards for tensile sample fabrication or use an 

extensometer during testing. Therefore, elastic modulus and elongation to failure are only for 

comparative purposes.  
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Fig. 65. Engineering Stress-strain curves for L-PBF Cu-Ag alloy samples for (a) as built and (b) annealed. 

 

 

Fig. 66. Influence of Ag content and annealing on the mechanical performance of L-PBF Cu-Ag alloys showing (a) yield 

strength, (b) Young’s Modulus, (c) failure strain and (d) ultimate tensile strength  

The 𝜎 – 휀 data clearly displays an increase in E (Fig 66b), 𝜎𝑦 (Fig 66a) and UTS (Fig 66d) with increased 

Ag addition for both as built and annealed samples with the highest E, 𝜎𝑦 and UTS displayed with Ag 

30% for all samples. As built samples showed an increase in 𝜎𝑦 of 23% and 48% as Ag content increased 

(a) (b) 

(a) (b) 

(c) (d) 
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from 10% to 20% and 30% while annealed samples saw 𝜎𝑦 increase by 36% and 87% respectively (Fig 

66a). Similarly, UTS as built samples saw increases of 22% and 37% while UTS annealed samples 

increased by 31% and 68% (Fig 66b). With 𝜎𝑦 and UTS increases of 87% and 68% for Ag addition at 

30% it is clear the annealing process has a more profound effect on material strength with higher Ag 

addition above 20%. While as built CuAg10 samples display higher E, 𝜎𝑦 and UTS than the equivalent 

CuAg10 annealed samples. The CuAg20 samples whether as built or annealed have comparable 𝜎𝑦 and 

UTS values. The results confirm that Ag addition does create an increase in yield and UTS performance 

within L-PBF Cu-Ag alloys. Furthermore, Ag addition increased E which saw increases of 23% and 

15% for as built samples and 15% and 36% for annealed samples. 

   

Fig. 67. Influence of Ag content and annealing process on the mechanical performance of L-PBF Cu-Ag alloys showing (a) 

yield strength and (b) ultimate tensile strength 

Effects of Ag addition on 휀𝑓 was less obvious with CuAg20 displaying the largest 휀𝑓 values for both as 

built and annealed samples. However, 휀𝑓 was seen to reduce for all samples (Fig 66c and 68a) following 

annealing due to recrystallisation and atomic lattice contraction resulting in stronger binding effect on 

Cu-Ag interfaces reducing dislocation movements which also increased E (Fig 68b). 
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Fig. 68. Influence of Ag content and annealing process on the mechanical performance of L-PBF Cu-Ag alloys showing (a) 

failure strain and, (b) Young’s modulus  

6.3.6. Fractography 

SEM data for L-PBF Cu-Ag fracture surfaces are shown in Fig 69, 70 and 71. Although none of the Cu-

Ag fracture surfaces exhibited unmolten powder particles expected at lack of fusion pore sites some 

porosity voids are clearly visible as confirmed by the XCT data. The cross-section of the fracture surface 

shows a specific pattern where dimples of various size, shape, and distribution can be observed. Failure 

can be seen to be dominated by the growth of coarse voids between dimpled peaks consecutively being 

strained to failure.  

 

Fig. 69. Scanning Electron Microscopy (SEM) data for Cu-Ag alloy fracture surfaces showing (a) as built CuAg10 and (b) 
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Fig. 70. Scanning Electron Microscopy (SEM) images for Cu-Ag alloy fracture surfaces showing (a) as built CuAg20 (b) 

CuAg20 Annealed 

 

Fig. 71. Scanning Electron Microscopy (SEM) images for Cu-Ag alloy fracture surfaces showing (a) as built CuAg30 (b) 

CuAg30 annealed 

To ascertain pore defect content at each Cu-Ag fracture surface Olympus Stream Essentials software 

was utilised for comparative porosity analysis. Results (Fig 72) concluded pore content at the fracture 

site decreases with Ag addition for both as built and annealed samples while porosity content values 

were higher for all annealed samples in comparison to as built structures confirming the XCT data 

results (Fig56a and 56b). 
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Fig. 72. Influence of Ag addition on fracture surface porosity content of L-PBF Cu-Ag in situ alloys   

To confirm homogenous element distribution throughout the Cu-Ag structures, EDX analysis was 

conducted on each fracture surface and compared with EDX elemental content of the Cu-Ag powder. 

Spectrum analysis (Fig 73) confirms increase in Ag content at the sample fracture surface as can be 

seen from the data in table 8. While CuAg10 Ag fracture content differed from CuAg10 Ag powder 

content both CuAg20 and CuAg30 Ag content for powder and fracture surfaces was shown to be 

comparable. Although EDX analysis highlights some variations the Ag content throughout all 

fabricated Cu-Ag structures was relatively close to the initial Ag powder composition confirming a 

relatively homogeneous distribution throughout powder and in situ alloyed structures.   

Table 8 Elemental Ag weight composition of the different Cu-Ag fracture surfaces as informed by the EDX spectrum. 

Material Ag Weight (%) 

 

CuAg10 16.41 
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Fig. 73. Energy Dispersive X-Ray (EDX) element analysis for Cu-Ag fracture surfaces (a) CuAg10, (b) CuAg20 and (c) 

CuAg30. 

6.4. Future research  

The L-PBF in situ alloying of varying Ag content Cu-Ag structures reported in this study highlight the 

feasibility of L-PBF in situ alloying of highly reflective and thermally conductive Cu and Ag materials 

and resultant mechanical performance. The aim is that this data will act as a start point for custom alloy 

development for various applications including renewable energy, biomedical, electronics and thermal 

management. However, further research and analysis will be required regarding microstructural 

analysis along with cost implications and the antimicrobial and thermal diffusivity and conductivity 

properties for these novel L-PBF alloys. Furthermore, L-PBF parameter optimisation could offer further 

improvements in achievable properties and therefore future studies would benefit from this analysis. 

Unfortunately, parameter optimisation could not be included in the scope of this study due to the 

composition variant and difficulty allocating cause and effect.   

6.5. Summary 

This chapter presents Cu-Ag structures with varying Ag content fabricated using the L-PBF in situ 

alloying. The resultant pore defect distribution, atomic lattice structures and mechanical performance 
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are reported for both as built and annealed conditions. The XCT analysis showed that as Ag content 

increased both the number of pores and average pore size decrease for both as built and annealed 

samples. Increasing Ag content from 10% to 30% saw the number of pores decrease by 87% and 83% 

for as built and annealed samples with average pore size decreasing by 40% and 9.5% respectively. 

However, the annealing process increased pore content significantly with CuAg10 alloy experiencing 

a 164% increase between as built and annealed conditions. The subsequent XRD analysis confirmed 

the presence of a cubic atomic structure where the increase in Ag content increased the atomic d spacing. 

This is explained by the inclusion of the relatively large Ag atoms within the Cu-Ag atomic lattice 

structures. However, following the annealing process atomic d-spacing reduced due to atomic lattice 

contractions. D-spacing reduced by 0.29 %, 1.29 % and 2.26 % respectively for CuAg10, CuAg20 and 

CuAg30 following the annealing process. As built d-spacing displayed a 1.93% increase with increased 

Ag content from CuAg10 to CuAg30 while annealed samples saw a maximum 0.2% change in d-

spacing for all three samples. It was also found that the atomic lattice contraction combined with 

recrystallisation had a significant effect on mechanical performance due to stronger binding effects at 

the Cu-Ag interfaces reducing dislocation movements. While CuAg10 samples displayed higher yield 

and ultimate tensile strength than the equivalent annealed samples, CuAg20 showed comparable yield 

and ultimate tensile strength values for both as built and annealed cases. Nevertheless, as built samples 

saw an increase in yield strength of 23% and 48% as Ag content increased from 10% to 20% and 20% 

to 30%. Annealed samples saw yield strength increase by 36% and 87% respectively. Similarly, UTS 

of as built samples saw increases of 22% and 37% while annealed samples increased by 31% and 68%. 

With increases of 87% (yield strength) and 68% (UTS) for Ag addition at 30%, it is clear the annealing 

process has a profound effect on material strength for Ag addition of above 20%. When it comes to 

Youngs modulus Ag increase from CuAg10 to CuAg30 resulted in a 23% and 15% increase for as built 

samples and 15% and 36% for annealed samples. Evaluating the fracture surfaces revealed that the Ag 

content was similar to the powder feedstock confirming a homogeneous distribution throughout the L-

PBF build and sample fabrication. Although, the SEM analysis of the fracture surfaces showed no 

visible lack of fusion porosities or unmolten powder some porosity voids were visible. Overall, the 

SEM data showed that the fracture surface pore content decreased with increase in Ag content. 
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Chapter 7 – Mechanical performance of Cu, Ag and Cu-Ag alloys 

– A comparative summary  

7.1. Introduction 

The range of materials covered by the various AM processes is increasing [57]. Nevertheless, a recent 

survey highlights further demand for high performance metallic alloys from industries including 

automotive, aerospace and electronics [58]. Although there are many AM processes and associated 

materials [5] metals are usually the preferred material for many applications due to their mechanical 

strength and desirable properties [107]. Therefore, as the most mature metal AM technology L-PBF 

material development and commercial offerings are increasing consistently with Cu alloys in particular 

seeing increasing industry interest [118]. Chapters 4, 5 and 6 have established 400W L-PBF parameters 

and reported the mechanical performance of Ag, Cu and Cu-Ag alloys and the enhancement potential 

for L-PBF Cu-Ag in situ alloying. However, no data is available or has been reported previously that 

comparatively analyses L-PBF Ag and Cu and/or commercially available L-PBF Cu materials. 

Accordingly, the materials and resultant properties are reported, and results discussed here. 

Cu and Cu alloys have recently begun to emerge from industry with AM system manufacturers [118] 

and material development companies [127] releasing various composition and purity variants for 

various applications [118]. For example market leading system manufacturer and material supplier EOS 

GmbH have recently released three Cu material variants [118]. EOS Copper Cu is a high purity copper 

with good thermal and electrical conductivity properties and has been developed for applications 

including heat exchangers and electronics. EOS copper CuCP has Cu purity above 99.95% and is 

described as an excellent thermal and electrical conductor and is suitable for electrical motors and 

inductor applications. EOS CuCrZr is a copper-chromium-zirconium alloy with moderate conductivity 

properties developed for rocket engine, inductor coils and heat exchanger applications. Due to increased 

industry interest the AM processing of Cu and Cu alloys are becoming more commonplace, and the 

resultant properties and application enhancement potentials are becoming known. However, there is 

also another emerging trend within the AM industry. Alongside what are considered more standard AM 
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systems and more traditional AM materials the development of application specific AM systems and 

materials is gathering pace. Material development specialist companies such as Alloyed (UK), 

Elementum 3D (US) and Metals 4 Print (Germany) are among various companies that offer bespoke 

Metal Matrix Composite (MMC) and metallic alloy development to combine the benefits of AM with 

materials specific to a certain application. Additionally, system developers such as Additive 

Manufacturing Custom Machines (AMCM) offer the potential to create application specific AM 

systems with larger build areas, higher powered lasers, multiple lasers, and custom process constraints 

all options. Therefore, it is envisaged that future designers and engineers will have the ability to dictate 

not only the optimum material for their application but also the AM methodology for their materials 

and application. Consequently, the mechanical performance of Ag, Cu and Cu-Ag alloys that can be 

processed by L-PBF AM technologies will be of great interest to both academia and industry alike. 

Accordingly, this study is the first to report the L-PBF fabrication of high purity (>99%) Cu, Ag and 

Cu-Ag alloy samples and the associated comparative mechanical performance relative to currently 

available commercial Cu, CuCP and Cu-Cr-Zr materials. 

7.2. Results and discussion 

Fig. 74 reports the comparative stress-strain (𝜎 − 휀) curve data for L-PBF Ag, Cu and Cu-Ag alloys 

from previous chapters.  

 

Fig. 74. Stress-strain curves obtained for as-built L-PBF pure Ag, pure Cu and Cu-Ag alloys. 
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Table 9 displays the yield strength (𝜎𝑦), failure strain (휀𝑓) and Ultimate Tensile Strength (UTS) data for 

L-PBF Ag, Cu, Cu-Ag alloys and commercially available L-PBF Cu variants investigated. Evaluating 

the 𝜎 − 휀 curve for L-PBF Ag and Cu samples as shown in Fig. 74 reveals consistent elastic and plastic 

regions. It was found that Ag had significantly lower 𝜎𝑦 and UTS in comparison to Cu. Cu L-PBF 

processed in this study exhibited a 𝜎𝑦 of 161.04 MPa which is comparable to commercially available 

EOS Cu-Cr-Zr (160 MPa) and EOS CuCP (165 MPa) however exhibited a 11% reduction in 𝜎𝑦 when 

compared to EOS Cu (180 MPa). Contrastingly Cu had comparable UTS (197.1 MPa) with EOS Cu 

(200 MPa) but exhibited a reduction in UTS of 16% and 6% relative to EOS CuCP and EOS Cu-Cr-Zr. 

Furthermore, the corresponding 𝜎 – 휀 data for Ag, Cu, Cu-Ag alloys, and commercially available Cu 

(as shown in Fig. 75) highlights an interesting trend.  

Table 9 Summary of mechanical performance exhibited by L-PBF Ag, Cu, Cu-Ag alloys (experimental data) [113] and EOS 

Cu alloys (industry datasheet) [118].  

Material 𝝈𝒚 (MPa) 𝜺𝒇 (%) UTS (MPa) 

99.9% Ag 77.1 15.4 124.9 

99.9% Cu 161.0 5.1 197.1 

CuAg10% 223.5 8.1 277.7 

CuAg20% 275.5 9.1 339.8 

CuAg30% 330.3 4.4 381.8 

EOS Cu 180 5 200 

EOS CuCP 165 45 235 

EOS CuCrZr 160 40 210 

   

Fig. 75. Mechanical performance of industry Cu alloys [118], L-PBF Cu, Ag and influence of increasing Ag content on the 

mechanical performance of Cu-Ag alloys [113] showing (a) yield strength (b) failure strain and (c) ultimate tensile strength 
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The data clearly displays significant, consistent, and almost linear increases in 𝜎𝑦 (Fig 75a) and UTS 

(Fig 75c) with increased Ag addition in Cu. The highest 𝜎𝑦 and UTS values were exhibited by the 

highest Ag content alloy CuAg30%. 10% Ag addition saw 𝜎𝑦 and UTS properties of 223.5 MPa and 

277.7 MPa respectively. These values are 39% and 41% increases in comparison to Cu. 20% Ag 

addition saw increases of 75% and 72% from Cu to a 𝜎𝑦 of 275.5 MPa and UTS of 339.8 MPa while 

30% Ag addition exhibited 105% and 94% increases. Evaluating the mechanical performance of 

commercially available Cu also saw Cu-Ag alloys outperforming the most superior by 24%, 53% and 

83% for 𝜎𝑦 and 18%, 45% and 63% for UTS respectively. The mechanical performance data discussed 

clearly demonstrates the enhancement potential for L-PBF processing Cu and Cu-Ag alloys.  

7.3. Future research 

Recent developments in computer aided simulation and design tools [93,202], custom materials [5,203] 

and advanced manufacturing techniques [204,205] is equipping todays designers and engineers with 

the tools required for complex problem solutions allowing increased creativity by removing design and 

manufacturing limitations previously seen. Combining application specific materials with emerging 

generative design and AM has driven advances in enhanced components and as such industry is seeing 

the increased formation of specialist material, manufacturing process and application companies. The 

new generation of emerging design tools, materials and manufacturing technologies is being exploited 

by numerous industries for application specific solutions. For example, Launcher utilised a custom 

AMCM system and a high-performance Cu alloy to manufacture the world’s largest 3D printed rocket 

combustion chamber. In doing so Launcher reduced cost, lead time and part complexity fabricating a 

single piece chamber that enabled the highest performance liquid rocket engine to aid the development 

of the world’s most efficient rocket launcher for small satellite systems. Additive Drives utilises high 

powdered L-PBF systems and high purity copper to fabricate highly efficient windings for electric 

motors. Achieving electrical conductivity of 100% International Annealed Copper Standard (IACS) 

combined with the design and manufacturing freedoms of AM allow Additive Drives to develop a new 

era of electric motor efficiency for the next phase in global transportation systems. Conflux 

Technologies also utilise the manufacturing and design freedoms of AM to fabricate high performance 
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heat exchangers that cannot be manufactured by any other manufacturing method resulting in 

performance enhancement of X3 heat transfer, X3 improvements in pressure drop while reducing 

weight by 50%.  The examples discussed further emphasise the increasing trend in regard to application 

specific design, topology optimisation and custom materials being progressed with AM for enhanced 

performance components and systems. Launcher, Additive Drives and Conflux Technologies are just 

three of many emerging companies utilising the benefits of AM and thermally conductive materials for 

enhanced thermal transfer and thermal management products. Additionally Ag and Cu materials also 

exhibit desirable antimicrobial and electrical conductive properties [10,74,77,86,210,211] and as such 

are of interest for applications such as  renewable energy, biomedical and electronics [77,84,85,88,211].  

7.4. Summary 

In this chapter the mechanical performance of Ag, Cu and Cu-Ag alloys were assessed and the yield 

strength, failure strain, and Ultimate Tensile Strength (UTS) are reported and evaluated in comparison 

to currently commercially available L-PBF Cu materials. The following conclusions were drawn:    

 

o L-PBF Ag exhibited higher failure strain yet significantly lower yield strength and UTS in 

comparison to L-PBF Cu. Cu processed in this study exhibited a yield strength of 161.04 MPa and 

UTS of 197.1 MPa which is 109% and 59% higher in comparison to Ag at 77.1 MPa and 124.9 

MPa.   

o L-PBF Cu had comparable yield strength (161.04 MPa) to commercially available EOS CuCrZr 

(160 MPa) and EOS CuCP (165 MPa) however exhibited a 11% reduction when compared to EOS 

Cu (180 MPa). Contrastingly L-PBF Cu had comparable UTS (197.1 MPa) with EOS Cu (200 MPa) 

but exhibited a reduction in UTS of 16% and 6% relative to EOS CuCP and EOS CuCrZr.  

o Ag addition in Cu increased yield strength and UTS significantly with all Cu-Ag alloys 

outperforming Ag, Cu and all commercially available Cu materials evaluated. 

o CuAg10% reported yield and UTS performance of 223.5 MPa and 277.7 MPa respectively. These 

values were 39% and 41% increases in comparison to L-PBF Cu. 20% Ag addition saw increases 
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of 75% and 72% from Cu to a yield strength and UTS of 275.5 MPa and 339.8 MPa while 30% Ag 

addition exhibited 105% and 94% higher yield strength and UTS. 

o CuAg10% exhibits 24%, 35% and 40% higher yield strengths in comparison to commercially 

available Cu, CuCP and CuCrZr while UTS values were 39%, 18% and 32% higher. 

o CuAg20% exhibits 53%, 67% and 72% higher yield strengths in comparison to commercially 

available Cu, CuCP and CuCrZr while UTS values were 70%, 45% and 62% higher.  

o CuAg30% exhibits 84%, 100% and 106% higher yield strengths in comparison to commercially 

available Cu, CuCP and CuCrZr while UTS values were 91%, 62% and 82% higher.  

 

The work reported in this chapter demonstrates the potential mechanical performance enhancements 

for L-PBF Cu, Ag and Cu-Ag alloys in comparison to current commercially available Cu materials. 

However, further research and investigation is required in respect of composition, resultant 

microstructures, L-PBF processability and repeatability alongside material performance properties for 

specific applications such as fatigue and elevated temperatures.  
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Chapter 8 – Thermal performance of Cu, Ag, and Cu-Ag alloys  

8.1. Introduction 

It is widely agreed that the localised high heat fluxes and non-uniform heat dissipation requirements for 

many industries will require advances in materials and manufacturing technologies to effectively 

dissipate the additional thermal loads in upcoming advanced systems and devices [11,39]. Current 

research towards improved thermal management includes advanced materials and advanced  

manufacturing and design [17,103,104] with AM at the forefront [17,251] improving efficiency through 

geometry design and material heat transfer properties [38,105,106]. Metals are usually the preferred 

material for thermal transfer components due to their mechanical strength and high thermally 

conductive properties [107]. Therefore, L-PBF offers significant potential for thermal management 

component manufacture.  

The L-PBF process is a combination of many parameter variables related to feedstock, build process 

and laser and material interactions [7]. The controllable process parameters vary depending on system 

manufacturer [7], however as seen in previous chapters the common controllable build process 

parameters include hatch distance, layer thickness, laser power and scan speed [7]. Other variables such 

as build orientation and post processing have also been shown to effect component mechanical and 

thermal performance properties [4,35–38]. Furthermore, component strength, surface finish, density 

and microstructure can all be affected by L-PBF process variations and therefore the manufactured 

components thermal and mechanical properties are dependent on the process and parameters selected 

[4,38,50]. Accordingly, this chapter is the first to report the L-PBF fabrication of high purity Cu, Ag 

and Cu-Ag alloys and establish the resultant thermal properties.  

8.2. Material and methods 

All samples investigated in this study were fabricated using an EOS M290 industrial-grade AM system 

and high purity (>99%) Ag and Cu powders (supplied by Legor and Carpenter Additive) using L-PBF 

parameters described in previous chapters. The EOS M290 is a L-PBF AM system featuring a 400 W 

laser with 100 µm spot size. The laser melting process was carried out in an argon atmosphere with an 
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oxygen content below 0.1% at a substrate temperature of 35°C. Following fabrication, all samples were 

removed from the build platform using non-contact Electrical Discharge Machining (EDM). Thermal 

diffusivity of Cu, Ag and Cu-Ag alloys is reported through Netzsch Laser Flash Apparatus (LFA) where 

laser energy pulse was applied to one side of the sample and thermal diffusivity measured by the time 

difference of the energy through the sample in the Z build direction. L-PBF Cu-Ag thermal sample 

porosity morphology and distribution are reported through XCT 3D visualisation. 

8.2.1. X-ray Computed Tomography  

XCT analysis was conducted utilising a Bruker Skyscan 2211 X-ray nanotomograph where all samples 

were processed and scanned with the same XCT scanning, threshold and reconstruction parameters 

(following the procedure from chapter 4) to ensure any notable changes in porosity was due to material 

feedstock.  

8.3. Results and discussion 

Thermal management and heat transfer are seeing increasing interest for applications from various 

industries and as such recent research has reported heat transfer enhancements through additively 

manufactured heat exchangers with complex lattice and honeycomb structures using AlSi10Mg and 

stainless steel materials [252,253]. Furthermore, thermal diffusivity for various materials including 

steel, aluminium-copper (AlCu) and copper-Yttrium (CuY) utilising manufacturing techniques such as 

laser depositing, casting and powder metallurgy [254–256] have also seen investigation reporting 

improvements in thermal diffusivity due to microstructure grain refinement from post processing 

treatment [255,256] techniques. AM material microstructure will vary dependant on build orientation 

due to the layer by layer process which can effect material properties including thermal transfer 

performance while pore defects have been reported to have a negative effect on thermal conductivity in 

AM materials [257]. Yet until now the thermal diffusivity of AM materials has seen little research with 

no studies reporting the thermal diffusivity of highly conductive AM materials such as L-PBF Ag, Cu 

and Cu-Ag alloys. Accordingly, thermal diffusivity comparative investigations were conducted using a 

Netzsch laser flash thermal diffusivity apparatus.  
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8.3.1. L-PBF thermal samples 

Fig 76 displays the L-PBF thermal samples fabricated using Ag (a), Cu (b) and CuAg10% (c), 

CuAg20% (d) and CuAg30% (e). Although all samples were fabricated with the same parameters and 

had visibly similar surface finish there was clear colour variation throughout due to associated Ag 

content.  

 

Fig. 76. L-PBF thermal diffusivity samples showing (a) Ag, (b) Cu, (c) CuAg10%, (d) CuAg20% and (e) CuAg30%. 

8.3.2. Porosity defect analysis   

The thermal properties of a material are affected by the mass of the material composition [258]. 

Therefore the density and porosity content of L-PBF samples affect thermal transfer [257]. Fig. 77 

displays the XCT 3D visualisations for L-PBF Ag, Cu and Cu-Ag alloys with comparative density and 

pore data presented in table 10.  

Table 10 XCT porosity and pore defect properties for L-PBF pure Ag and Cu thermal samples. 

Material Bulk density 

(%) 

Number of 

closed pores 

Pure Ag  89.9 9737 

Pure Cu 

CuAg10 

CuAg20  

CuAg30 

99.9 

100 

100 

100 

56 

173 

1 

0 

 

(d) (e) (a) (b) (c) 5mm 
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Fig. 77. XCT pore defect 3D visualisation for L-PBF thermal samples showing (a) Ag (b) Cu, (c) CuAg10%, (d) CuAg20% 

and (e) CuAg30%. 

Due to XCT scanning parameters and material similarity comparative density results in table 5 can be 

seen to be identical for all Cu-Ag alloy compositions with a representative density of 100%. 

Additionally, very little variation to Cu was displayed with a representative density of 99.9%. However, 

Ag exhibited significant comparative porosity with a representative density of 89.9% and 9737 closed 

pores detected. Although density values for Cu and Cu-Ag alloys is comparable evaluating the number 

of pores gives a clearer vision of material density. It can clearly be established that Ag addition above 

20% has a significant effect on the number of pores defined within the samples. 30% Ag exhibited no 

pores in comparison to 20% Ag exhibiting 1detectable pore. Cu pore content was 56 while 10% Ag 

displayed 173 detectable pores. Porosity content was isolated and highlighted in red and green to aid 

visualisation. Evaluating the 3D visualisations in Fig. 77 further confirms porosity content in L-PBF 

Ag is significantly higher than Cu and Cu-Ag alloys.  

8.3.3. Thermal diffusivity  

As thermal performance properties can be effected by a materials density and porosity content [257] 

thermal diffusivity measurement analysis for L-PBF Ag, Cu and Cu-Ag samples was conducted using 

Netzsch LFA. Comparative measurements were conducted at room temperature with three repetitions 

and average results displayed in Fig. 78c, while Fig. 78a and 78b display closed pore content and 

comparative density data. 

(a) (b) (c) 

(d) (e) 
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Fig. 78. XCT pore defect and thermal diffusivity data for L-PBF as built Cu, CuAg10%, CuAg20%, CuAg30% and Ag 

samples where (a) is number of closed pore defects, (b) is comparative density and (c) is thermal diffusivity.  

Cu thermal diffusivity saw an increase of 5.3% with the addition of 10% Ag from 51.28 mm2/s to 

54.04mm2/s. However, increasing Ag content further to 20% and 30% displayed a 0.8% decrease 

followed by 0.8% increase. Overall Ag content from 10% to 30% displayed a maximum 0.8% variation 

on thermal diffusivity. The maximum variation between Cu and any Cu-Ag alloy was 6.2% while Ag 

with highest average pore size and relatively high number of pores in relation to Cu-Ag alloys displayed 

a minimum and maximum increase in thermal diffusivity of 60% and 63% respectively. Comparing 

thermal diffusivity results with XCT pore data it can clearly be seen that material has a greater impact 

on thermal diffusivity than sample pore content and density. Ag exhibited 70% higher thermal 

diffusivity performance in comparison to Cu. 

8.4. Summary 

In this study the thermal performance of L-PBF Ag, Cu and Cu-Ag alloys are evaluated through Laser 

Flash Apparatus (LFA) and the thermal diffusivity is reported for the first time with the following 

conclusions being drawn:    

 

o L-PBF Ag significantly outperformed L-PBF Cu and Cu-Ag alloys in regard to thermal diffusivity 

performance. Even with significantly higher porosity content in comparison to Cu and Cu-Ag alloys 

Ag exhibited 70% higher thermal diffusivity performance in comparison to Cu. 
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o Ag addition displayed minimal increases in thermal diffusivity values from Cu. Overall Ag content 

from 10% to 30% displayed a maximum 0.8% variation in thermal diffusivity. The maximum 

variation between Cu and any Cu-Ag alloy was 6.2% increase in thermal diffusivity.  
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Chapter 9 - Electrical performance of L-PBF Cu, Ag and Cu-Ag 

9.1. Introduction  

Due to increased industry interest, the L-PBF processing of Cu and Cu alloys are receiving much 

attention, however, the electrical conductivity properties of different Cu feedstocks and purity variants 

are yet to be reported. Accordingly, this chapter reports the L-PBF processing and resultant electrical 

performance of three high purity Cu variants namely Carpenter Additive Cu, EOS Cu and EOS CuCP. 

Additionally high purity Ag supplied by Legor Spa and two high purity Cu-Ag alloys are also L-PBF 

processed, and the resultant electrical conductivity reported. Furthermore, powder dispensing 

methodology, laser exposure and electropolishing techniques are investigated and reported to ascertain 

the resultant effects on density and electrical performance. Finally, proof of concept shaped profile 

conductor coils and multi material demonstrators are manufactured to assess the feasibility of L-PBF 

processing coil winding and heat exchanger structures utilising high purity Cu and Ag and a 400W L-

PBF system. For the first time, this study reports the L-PBF fabrication of high purity (>99% purity) 

Cu, Ag and Cu-Ag alloys and reports their comparative resultant electrical performance.  

9.2. Material and methods  

The samples investigated in this study were fabricated using an EOS M290 industrial-grade L-PBF 

Additive Manufacturing (AM) system using (L-PBF parameters described in previous chapters) high 

purity (>99%) Ag and Cu powders supplied by Legor SpA, Carpenter Additive, and EOS GmbH 

respectively. The L-PBF AM system features a standard 400 W infrared laser system with 100 µm spot 

size where the SLM process is carried out in an argon atmosphere at oxygen content below 0.1% at a 

substrate temperature of 35°C. Following fabrication, all samples were removed from the build 

platforms using non-contact Electrical Discharge Machining (EDM).  

Although it is common industry knowledge that resultant component density can be affected by process 

variables such as laser exposure duration and powder recoating methods these variables have seen 

limited investigation in current literature. Therefore, due to the numerous variables this study is split 
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into four comparative studies for holistic L-PBF Cu and Ag processing analysis. Firstly, material 

composition is investigated in two studies. Three high purity Cu feedstock powders are utilised to 

ascertain the feasibility of L-PBF processing different variant Cu material purities with a standard 400W 

infrared laser. Then high purity Cu is compared to high purity Ag and two Cu-Ag alloys (namely Cu-

Ag10% and Cu-Ag30%) assessing the addition of Ag on density and electrical performance. Secondly 

laser exposure and powder recoating methods are investigated to ascertain the effects on resultant 

density and electrical performance. Finally, the effects of electropolishing regimes on high purity Cu 

and the effects on electrical performance are investigated before all results are collated and summarised. 

A total of nine International Electrotechnical Commission (IEC) geometry samples were fabricated with 

two samples further electropolished. While additional process parameter development could be utilised 

for further material optimisation it was not included in the scope of this study to limit associated study 

variables. 

9.2.1. Powder characterisation  

Powder morphology and PSD can affect the packing density and flowability of AM powders [61] 

dictating the layer thickness packing and material behaviour during L-PBF processing [61,245]. 

Additionally, the composition and layer packing density can also affect laser reflectivity and 

absorptivity at the powder bed [259] which is critical for L-PBF processing highly reflective Cu and 

Ag. Previous chapters have reported the enhancement of mechanical and thermal properties when L-

PBF processing high purity Cu-Ag alloys [68,113]. However, the electrical performance of high purity 

Cu has seen limited attention and the electrically conductive properties of L-PBF high purity Ag and 

Cu-Ag alloys are yet to be reported. Accordingly, six composition feedstock powders (as displayed in 

table 11) were investigated to ascertain the most favourable material and composition for L-PBF 

processing and optimum electrical conductivity performance.  
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Table 11. Material suppliers and element weight (%) of Cu and Ag feedstock. 

Material Element  Weight (%) 

Carpenter Additive Cu  Cu > 99.6 

EOS CuCP Cu > 99.98 

EOS Cu Cu > 99 

Copper-silver 10% Cu-Ag10 ~10% Ag 

Copper-silver 30% Cu-Ag30 ~ 30% Ag 

Legor Silver Ag 100 

Analysis of Cu, Ag and Cu-Ag feedstock powders along with their morphology and PSD were 

characterised using SEM and digital imaging particle analysis. SEM analysis was carried out using a 

Zeiss EVO50 SEM. A Retsch Technology Camsizer X2 was used to validate the particle morphology, 

size, and shape.  

9.2.2. L-PBF samples 

L-PBF process parameters (table 3) developed by the authors in previous chapters were used for sample 

fabrication to ensure any resultant variations could be attributed to powder supplier, composition, 

morphology, and distribution. Currently considerable research has been conducted regarding L-PBF 

feedstock [54,63] and laser process parameters [23,260,261] (such as those displayed in table 13) which 

focus on feedstock and L-PBF parameter optimisation. While studies are emerging reporting optimised 

parameters for L-PBF processing of high purity Cu the process and parameter development usually 

focus on increasing energy density at the powder bed to mitigate the reflective nature of Cu. Therefore, 

limited investigations have reported the effects of scanning strategies, additional laser exposure time 

and/or powder dosing methodology for Cu. Additionally, no studies have investigated and reported 

laser exposure and powder recoating strategies for Ag and Cu-Ag alloys. Accordingly, due to the L-

PBF processing challenges of Cu and Ag this study investigates AM powder dosing methodology and 

laser exposure strategies to ascertain the effects on L-PBF Cu, Ag and Cu-Ag fabrication.  

Successful L-PBF processing of high purity Cu is being increasingly reported particularly utilising 

higher powered infrared lasers [24] and different wavelength lasers [70,120]. However, Cu still offers 

significant L-PBF challenges with insufficient keyhole melting [193] and relatively low densities being 

reported  [10] particularly with relatively low (<500W) standard infrared lasers. However, optimising 

L-PBF processing parameters and scanning strategies can improve Cu processing and therefore single 
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and double laser (remelt) exposure scanning strategies (Fig. 85) were incorporated to investigate the 

effects of laser exposure duration on density and resultant electrical performance.  

9.2.3. Annealing process 

L-PBF processing of high purity Cu, Ag and Cu-Ag alloys has seen limited investigation leaving a gap 

in knowledge regarding processing feasibility and resultant material properties particularly in relation 

to electrical conductivity performance. For comparative analysis all samples manufactured followed the 

annealing process described in chapter 6. 

9.2.4. Surface roughness 

The layer-by-layer nature of the L-PBF process can result in a staircase step effect resulting in a 

relatively rough surface while unoptimised powder feedstock, build orientation and process parameters 

can all negatively affect the as built surface roughness of L-PBF components [56,243]. While rough 

surfaces can be desirable for some applications, it is usually undesirable due to crack and failure 

initiation sites negatively affecting the mechanical performance [244] while also increasing surface 

resistance [46]. Surface machining is a useful tool in this respect and is the most common method 

utilised to improve surface finish however machining access can become impossible with complex AM 

fabricated geometries. Electro polishing is an electro chemical process commonly utilised for the 

reduction in surface roughness at the micron scale. Material is removed using a DC power supply by 

setting up a cell between the copper component (anodically charged) and a pair of chemically inert 

electrodes (cathodically charged) facing the largest surfaces of the part within a conductive viscous 

medium (typically acidic in nature). A thin anodic film forms around the copper anode where transfer 

of metals ions occurs from the highest profile areas of the surface where current density is greatest, and 

film is thinnest. Metal ions are oxidised by the applied DC current and encouraged to dissolve into the 

surrounding medium. Accordingly, the effects of anodic polishing on L-PBF manufactured high purity 

Cu sample surface roughness and electrical performance are reported. For this study each two samples 

were immersed in 1 litre of a proprietary phosphoric/ solvent mix solution containing metal cheating 

agents (Anopol 30). The two high purity Cu samples were subjected to current densities of 0.4a/cm2 
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and 0.8a/cm2 respectively for a minimum of 10 minutes using a QPX1200SP rectifier. The solution was 

used at ambient temperature with agitation provided by a magnetic stirrer bar at approx.1000rpm. 

Sample surface roughness was analysed and reported using a Keyence VHX-7000 digital microscope. 

9.2.5. Density  

Unoptimised or incorrect powder feedstock composition, particle distribution and/or L-PBF processing 

parameters can negatively affect the resultant density with increased porosity content [28] as ascertained 

in previous chapters. Accordingly, the additively manufactured sample densities were inspected using 

XCT (Nikon XT H 225ST). Samples were subjected to XCT at a magnification factor of 22 whilst a Sn 

filter of 0.25 mm thickness was used. This was possible by using a power of 223 kV with a beam current 

of 40 µA resulting in a voxel size of 9 µm. Circa 3100 projections were collected from each sample and 

reconstructed using the CT Agent 3D pro software. The resultant images were vertically stacked using 

the VG Studio max 3.4 software. Post-processing for 3D visualisation was conducted using Dragonfly 

(Object Research Systems Inc) software. The reconstructed data from XCT was subjected to porosity 

measurements using native algorithms in the Dragonfly software. A cylindrical Region of Interest (RoI) 

of 30 mm3 was created in all the samples for a standardised comparison analysis.  

9.2.6. Electrical conductivity  

The electrical conductivity was measured using a small-signal Ohm meter (RM-805) and via large-

signal 4-wire measurement method up to 60A DC (Fluke Norma 4000). 

9.3. Results and discussion  

9.3.1. Powder characterisation  

Fig. 79 displays the SEM data showing the powder morphology for Cu, Ag and Cu-Ag powders, 

respectively.  
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Fig. 79. Scanning Electron Microscopy (SEM) data showing particle morphology for (a) Carpenter Additive Cu (b) EOS 

CuCP (c) EOS Cu (d) CuAg10 (e) CuAg30 and (f) Legor Ag 

All high purity Cu and Ag powders feature spherical morphology as desired for AM feedstock powders. 

While EOS Cu (Fig. 79b and Fig. 79c) powders, Cu-Ag (Fig. 79d and Fig. 79e) powders and Legor Ag 

(Fig. 79f) powders have visibly similar particle distribution the Carpenter Additive Cu (Fig. 79a) 

displays a lower particle distribution with a larger proportion of powder particles visibly below 20µm.  

Excessively high or low particle distribution can affect the powder flowability at the powder bed making 

it challenging for laser processing. Therefore, the quality of particle distribution was characterised using 

the dynamic image particle analysis to distinguish the mode, mean, median, and volume fractions (D10, 

D50, and D90) which is displayed in table 12. Carpenter Additive Cu powder displayed a relatively low 

particle distribution with a D10 of 15.1 µm, D50 of 30.6 µm, and D90 of 44.3 µm. Carpenter Additive Cu 

D10 was 26% lower than the next lowest D10 highlighting the finer particle distribution displayed in Fig. 

79a. All other feedstock powders had relatively similar particle distributions with a maximum 10% 

variation between the lowest and highest D10 results. EOS CuCP featured a D10 of 19.0 µm, D50 of 35.2 

µm, and D90 of 48.5 µm. EOS Cu featured a D10 of 21.0 µm, D50 of 36.4 µm, and D90 of 49.4 µm. 

CuAg10 featured a D10 of 19.0 µm, D50 of 34.9 µm, and D90 of 49.6 µm. CuAg30 featured a D10 of 19.0 

µm, D50 of 34.2 µm, and D90 of 49.0 µm. Legor Ag featured a D10 of 20.4 µm, D50 of 31.5 µm, and D90 

of 52.0 µm. Therefore, the powder feedstock characteristics displayed in Fig. 79 and table 12 suggest 

(a) (b) (c) 

(d) (e) (f) 

20µm 

20µm 20µm 20µm 

20µm 20µm 
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that all feedstock powders investigated in this study have desirable spherical morphology and particle 

distributions required for L-PBF processing. 

Table 12 High purity Cu and Ag powder particle volume distribution.  

Material D10 (µm) D50 (µm) D90 (µm) 

Carpenter Additive Cu 15.1 30.6 44.3 

EOS CuCP 19.4 35.2  48.5 

EOS Cu 21.0 36.4 49.4 

CuAg10% 19.0 34.9 49.6 

CuAg30% 19.0 34.2 49.0 

Legor Ag 20.4 31.5 52.0 

 

9.3.2. L-PBF manufacture and variables  

Fig. 80 displays Carpenter Additive Cu (Fig. 80a) and Legor Ag (Fig. 80b) IEC samples as built on 

copper build plates.   

 

Fig. 80. High purity Cu and Ag IEC electrical conductivity geometry samples as built on copper substrates where (a) is 

Carpenter Additive Cu and (b) is Legor Ag 

9.3.3. L-PBF high purity copper  

Due to the challenges L-PBF processing high purity Cu reported in literature [10,24,93,193] the initial 

investigations focused on ascertaining the feasibility of L-PBF processing different Cu variants (table 

13) with the EOS M290 400W laser AM system and reports the resultant densities and electrical 

performance. L-PBF process parameters (table 3), laser exposure (single) and recoating (soft) strategies 

remained constant to ensure study variants were limited to Cu feedstocks purity and PSD characteristics.  

 

 

(b) (a) 

10mm 
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Table 13. High purity Cu variants and supplier specified purity   

Material Weight (%) 

EOS Cu >99.0 

Carpenter Additive Cu >99.6 

EOS CuCP >99.98 

 

Fig. 82a displays the resultant electrical conductivity performance of the varying purity Cu feedstock 

EOS Cu (>99%), Carpenter Additive Cu (>99.6%) and EOS CuCP (>99,98%) respectively. 

Unexpectedly the highest electrical conductivity performance was seen by Carpenter Additive Cu with 

Cu purity composition between the two EOS variants. Furthermore, EOS Cu with 0.98% lower Cu 

purity than EOS CuCP displayed relatively similar electrical performance with a variation of 0.7% in 

comparison to 14% for Carpenter Additive Cu. Accordingly, XCT was utilised to ascertain density 

differences that could affect sample electrical performance. Fig. 81 displays a representative XCT data 

slice for each IEC sample EOS Cu, Carpenter Additive Cu and EOS CuCP. For all samples analysed 

the distribution of the pores along the sample length were consistent confirming the homogeneity of the 

process however clear differences between sample densities are visible with Carpenter Additive Cu 

porosity (Fig. 81b) visually lower than both EOS Cu (Fig. 81a) and EOS CuCP (Fig. 81c). Fig 82 

displays material electrical performance (Fig. 82a) and XCT relative density data (Fig.82b). 

 

Fig.  81. Computed Tomography data for high purity Cu where (a) is EOS Cu (b) is Carpenter Additive Cu and (c) is EOS 

CuCP. 

XCT density data (Fig. 82b) confirms relative densities of 73%, 75% and 88% for EOS Cu, EOS CuCP, 

and Carpenter Additive Cu respectively. Interestingly electrical conductivity results correlate directly 

with relative densities confirming that for L-PBF high purity Cu electrical conductivity performance is 

directly related to component density. In this case when processing these industry supplied Cu variants 

with identical L-PBF processing parameters small enhancements in Cu purity are negated due to the 

(a) (b) (c) 
1mm 
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negative effects in resultant density. Moreover, if Carpenter Additive Cu (with purity composition 

between that of EOS Cu and EOS CuCP) has the highest electrical performance, we can also conclude 

that the purity differences between variants is not the reason for reduced density in EOS Cu and EOS 

CuCP fabricated samples.  Therefore, Carpenter Additive Cu feedstock particle distribution has induced 

notable increases in density giving rise to enhanced electrical performance regardless of Cu purity in 

this case.   

   

Fig.  82. IACS electrical conductivity performance (a) and XCT relative density (b) for EOS Cu (>99%), Carpenter Additive 

Cu (>99.6%) and EOS CuCP (>99,98%) high purity copper feedstock. 

9.3.4. High purity Cu, Ag and Cu-Ag alloys  

The thermal and mechanical performance of L-PBF Cu, Ag and Cu-Ag alloys are reported in previous 

chapters. However, the electrical performance of L-PBF Cu, Ag and Cu-Ag alloys are yet to be reported 

in literature. While L-PBF Cu-Ag is yet to be reported the electrical performance of Cu-Ag materials 

fabricated by multilayer [262], spark plasma sintering [263], and cold drawing [264] techniques have 

been reported previously. Ag addition in Cu-Ag alloys can significantly increase material strength due 

to increased Cu-Ag phase boundaries creating strong binding effects and hindering dislocation 

movements [113]. Contrastingly, the same mechanisms that enhance material strength can negatively 

affect electrical performance. In multilayer, spark plasma sintering and cold drawing Cu-Ag samples 

an increase in Cu-Ag grain boundaries act as electron scattering sites in turn negatively effecting 

conduction electrons [263] and electrical performance. Increased Cu-Ag interfaces can create high 

dislocation density in turn reducing the conductive properties of the material [265]. Accordingly, L-
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PBF Cu, Ag and two Cu-Ag alloys (as displayed in table 14) were investigated to ascertain their 

comparative density and electrical performance.  

Table 14. Material composition Ag addition study 

Material Element  Weight (%) 

EOS Cu Cu >99 

EOS Cu – Legor Ag Cu-Ag ~Ag10 

EOS Cu – Legor Ag  Cu-Ag ~Ag30 

Legor Ag Ag 100 

 

Fig. 83 displays XCT slice data for IEC samples fabricated using EOS Cu, Cu-Ag10%, Cu-Ag30% and 

Legor Ag respectively. As with high purity Cu all samples analysed displayed consistent porosity 

distribution along the sample length confirming the homogeneity of the process. Cu-Ag10%, Cu-

Ag30% and Legor Ag displayed smaller pore defect size in comparison to EOS Cu suggesting Ag 

addition alleviates L-PBF Cu reflectivity resulting in improved energy absorption and higher density. 

Additionally, XCT data for Cu-Ag10 (Fig. 83b) and Cu-Ag30 (Fig. 83c) display consistent and evenly 

dispersed Cu-Ag interfaces throughout the sample lengths clearly visible as relative high-density 

material (white).   

 

Fig. 83. Computed Tomography data for high purity Cu, Ag and Cu-Ag alloys where (a) is EOS Cu (b) is Cu-Ag10% (c) is 

Cu-Ag30% and (d) is Legor Ag 

Fig 84 displays EOS Cu, Cu-Ag10%, Cu-Ag30% and Legor Ag electrical performance (Fig 84a) and 

relative densities (Fig. 84b). Contrastingly with high purity L-PBF Cu the electrical performance of Cu-

Ag alloys does not correlate directly with sample density due to Cu-Ag interface impeding conduction 

electrons through scattering and dislocation density. Electrical performance variations between EOS 

Cu and both Cu-Ag alloys was 0.9% and 0.5% IACS while density variations were 14.1% and 11.6% 

(a) (b) (c) (d) 1mm 
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respectively. Additionally, increased Ag saw both negative and positive variations in comparison to Cu 

although any variations were below 1%. Cu-Ag10 with highest reported density had the lowest 

electrical performance of all materials being 58.1% IACS. Legor Ag displayed similar relative density 

in comparison to both Cu-Ag alloys however outperformed the alloys electrical performance by 6.9% 

and 8.3% due to the lack of Cu-Ag interfaces negatively effecting electron conduction.   

   

Fig. 84. IACS electrical conductivity performance (a) and XCT relative density (b) for EOS Cu (>99%), CuAg10, CuAg30 

and Legor Ag high purity feedstock. 

9.3.5. L-PBF powder dispensing  

For this study both soft and hard recoating blades were investigated and utilised in IEC sample 

fabrication to ascertain the effects on density and resultant electrical conductivity.  

9.3.6. Laser exposure  

Four IEC samples were fabricated using Carpenter Additive Cu feedstock and recoater and exposure 

strategy combinations as displayed in Fig. 85 and table 15.    

 

Fig. 85. Schematic of laser scanning strategies where (a) is single exposure and (b) is double exposure 
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Table 15. Recoat and exposure study 

Identifier Material Recoat Exposure 

#1 Carpenter Additive Cu Hard Double 

#2 Carpenter Additive Cu Soft Double 

#3 Carpenter Additive Cu Hard Single 

#4 Carpenter Additive Cu Soft Single 

 

Fig. 86 displays IACS electrical conductivity performance for Carpenter Additive Cu samples #1, #2, 

#3 and #4. Hard blade recoating resulted in higher electrical performance for both single and double 

exposure strategies displaying electrical performance improvements of 1.7% and 1.1% respectively. 

Additionally, single laser exposure strategies were shown to improve electrical conductivity 

performance with single exposure samples outperforming both double exposure samples by 1% and 

0.3%.  

   

Fig. 86. IACS electrical conductivity performance for powder recoating and laser exposure parameters.  

Fig 87 displays XCT data for the highest (#3) and lowest performing (#2) IEC samples. Sample #3 with 

single laser exposure and hard recoat parameters displayed a relative density of 88.15% when compared 

to sample #2 that displayed density of 85.37%. While difficult to seperate visually it was established 

that hard recoating methods and single laser exposure strategy results in improved density samples 

translating to higher electrical conductivity performance.   
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Fig. 87. Computed Tomography data of high purity copper where (a) is Carpenter Additive Cu #2 (porosity 14.63%) (b) is 

Carpenter Additive Cu #3 (porosity 11.85%) 

9.3.7. Surface roughness  

L-PBF material feedstock, build setup and processing parameters can all have a significant effect on 

fabricated component surface roughness. Therefore, the surface roughness of L-PBF parts can to some 

extent be controlled dependant on material, processing, and laser parameters. Additionally, the as built 

L-PBF surface finish can consist of unmolten powder particles due to the powder bed thermal process. 

Therefore, the current industry practice is to complete some post build abrasive cleaning to remove 

unmolten powder [266,267]. Accordingly, as built surfaces referred to in this study have undergone an 

abrasive cleaning process. Additionally, for AM surface roughness analysis, the arithmetic average 

roughness value (Ra) is the generally agreed industry term and therefore for this study surface roughness 

is reported as Ra values. Furthermore, any variation in build orientation or downskin areas can result in 

a stair effect. Therefore, Ra values reported are indicative of horizontal or vertical surfaces. For 

example, following abrasive post processing the vertical and horizontal surfaces of common AM metal 

materials are Ti64 Ra 5 – 9 µm [268] AlSi10Mg Ra 9 - 20 µm [267] and TiCP Ra < 10 µm [266]. Cu 

reflectivity, heat dissipation and oxidation tendency can attribute to poor surface finish for L-PBF Cu 

with previous studies reporting Ra 18–30 μm (pure copper) [206] and Ra 10–16 μm (CuCrZr) [206]. 

However, Ra for L-PBF processed Cu material evaluated in this study are yet to be reported in literature 

or by feedstock suppliers. Accordingly, the surface roughness of three Carpenter Additive Cu samples 

were evaluated using a Keyence VHX-7000 digital microscope and 3D visualisations created as 

displayed in Fig 88. Sample #1 underwent abrasive blasting to remove unmolten powder however no 

electropolishing processing and therefore was in the as built condition.  Sample 2.1 and 2.2 underwent 

(a) (b) 1mm 
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the same abrasive blasting process followed by electropolishing techniques at different current densities 

and time durations as displayed in table 16. Sample 2.1 was processed using an average current density 

utilised for electropolishing similar copper grades. Although sample 2.1 displayed a visual increase in 

lustre a higher current density was required for sufficient material removal and therefore sample 2.2 

was subject to double the average current density (at 0.8a/cm2) and received 2 separate 10-minute 

immersions with break between to ensure no burning/ process errors were occurring. Further processing 

would eventually result in preferential dissolution of the corners and any sharp edge and therefore 

processing was capped at 10 mins per immersion to avoid compromising the overall geometry. Sample 

surface roughness was then analysed using a Keyence VHX-7000 digital microscope.  Ra values are 

displayed in table 18 and 3D surface visualisations displayed in Fig. 88. 

Table 16 Surface roughness of L-PBF as built and electropolished copper  

Identifier Material Duration 

(m) 

Current 

density 

Ra (µm) 

#1 Carpenter Additive Cu 0 0 6.40 

#2.1 Carpenter Additive Cu 10 0.4 a/cm2 6.42 

#2.2 Carpenter Additive Cu 20 0.8 a/cm2 2.78 

 

 

 

Fig. 88. Surface roughness 3D visualisation of as built and electropolished samples where (a) is as built, (b) is 0.4 a/cm2 

current density and (c) is 0.8 a/cm2 current density 

Although sample 2.1 displayed increased lustre a 10-minute immersion at 0.4 a/cm2 had no effect on 

surface roughness displaying almost identical Ra values to the as built sample #1 being 6.40 µm and 

6.42 µm respectively. Sample 2.2 being exposed to two 10-minute immersions at 0.8 a/cm2 displayed 

surface roughness decrease to 2.78 µm highlighting the potential of the electropolishing process for 

improved surface finish for L-PBF Cu components. Furthermore, both electropolishing regimes had 

(a) (b) (c) 
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limited effect on electrical conductivity (as displayed in Fig. 89) due to performance being driven by 

sample density. Variations from as built condition being 0.3% and 0.9%. 

   

Fig. 89. Comparative electrical conductivity performance of as built and electropolished IEC samples under (a) x1 10-

minute immersion at 0.4 a/cm2 current density and (b) x2 10 minute immersions at 0.8 a/cm2 current density.  

9.3.8. Electrical performance summary 

The electrical performance of L-PBF Cu has seen limited investigations [10,74] with the electrical 

performance of L-PBF high purity Ag and Cu-Ag alloys yet to be reported. Accordingly, the L-PBF 

processing of high purity Cu, Ag and Cu-Ag alloys has been reported in this chapter for the first time 

with material composition (Cu purity, Ag and Ag addition), powder dispensing, laser exposure and 

surface roughness all analysed as input variables. While study results discussed so far allow evaluation 

for each variable Fig. 90 displays the electrical conductivity performances and relative sample densities 

for all studies to allow holistic analysis and evaluate resultant trends.    

 

Fig. 90. Summary of electrical performance and relative density results for all studies conducted.  
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Carpenter Additive Cu consistently outperformed all other Cu variants, Cu-Ag alloys, and Ag material 

for electrical performance regardless of Cu purity or Ag content. Additionally, for Cu samples the 

density correlated directly to the electrical performance with Carpenter Additive Cu sample densities 

being consistently higher in comparison to EOS Cu and EOS CuCP. This is explained when evaluating 

feedstock particle distribution displayed in Fig. 79 and table 14. Carpenter Additive Cu exhibits a lower 

particle size distribution than other variants with a D10 that is 26% lower than the next lowest variant. 

The lower PSD displayed includes a higher proportion of particles below 20 µm resulting in greater 

layer packing density during the L-PBF process. Consequently, the increased layer packing density 

increased overall sample densities leading to enhanced electrical performance. Additionally, hard blade 

recoating which is known to improve layer thickness packing density due to compressive and shear 

mechanisms also improved electrical performance further. Contrastingly, density and electrical 

performance for Ag and Cu-Ag alloys did not follow the same trend with increased density having no 

obvious correlation with Cu-Ag electrical performance. This is explained by electron dispersion and 

scattering mechanisms created by Cu-Ag interfaces and dislocation density sites as discussed in section 

3.4.  

9.4. Summary 

In this chapter high purity Cu, Ag and Cu-Ag alloys were additively manufactured using a standard 

400W L-PBF system and their resultant densities and electrical conductivity performances reported for 

the first time. Six highly reflective and thermally conductive Cu and Ag material variants were 

comparatively investigated in four studies investigating Cu purity, Ag content, recoating and laser 

exposure strategies and electropolishing techniques.  

The first study establishes the connection between Cu feedstock and electrical performance. For this 

study the impact of small Cu purity changes on electrical performance could not be directly defined 

with the highest purity Cu (>99.98%) resulting in similar electrical performance (59.7% and 59% 

International Annealed Copper Standard (IACS)) compared to the lowest purity Cu (>99%) assessed. 

However, it was established that for Cu higher layer packing density dictated by lower feedstock PSD 



144 

has a significant positive effect on sample density and electrical performance due to alterations in 

feedstock and laser processing interactions.   

Contrastingly the second study reports the relative densities and electrical performance of Cu-Ag alloys 

where sample density does not correlate directly with electrical performance. Comparative densities of 

72.8% (Cu), 86.9% (Cu-Ag10), 84.4% (Cu-Ag30) and 85.2% (Ag) are reported with Ag electrical 

performance exceeding Cu and both Cu-Ag alloys by 7.4%, 8.3% and 6.9% respectively. For Cu-Ag 

alloys electrical performance is restricted by Cu-Ag interfaces negatively effecting electron conduction 

through dislocation density and scattering mechanisms. Additionally, L-PBF process parameters 

utilised for sample fabrication resulted in denser Ag in comparison to Cu which consequently resulted 

in higher electrical performance.  

The third study established the impact of powder recoating and laser exposure on L-PBF Cu processing. 

Hard blade recoating and single laser exposure strategies displayed additional improvements in density 

with increases of 2.8% and 2% IACS electrical conductivity for Cu when compared to soft blade 

recoating and double laser exposure strategies.  

Finally, the fourth study established successful electropolishing parameters for L-PBF Cu material 

removal and post process finishing. Improved surface roughness was achieved reducing high purity as 

built Cu surface roughness from Ra = 6.42 µm to 2.78 µm. However, L-PBF Cu requires current 

densities and immersion durations double that used for electropolishing similar copper grades 

manufactured by other methods.  

Contrary to recent literature and commonly agreed understanding regarding L-PBF processing of Cu 

the work undertaken in this study demonstrates the feasibility of L-PBF processing highly reflective Cu 

and Ag for electrical machine applications utilising a standard laser 400W AM system. Additionally, 

further powder feedstock and process parameter research and investigation could offer further 

optimisation and improvement for Cu and Ag L-PBF processing for applications including, thermal 

management, biomedical and electrical machines.   
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Chapter 10 Antimicrobial performance of L-PBF Ag 

10.1. Introduction 

This chapter establishes the feasibility of L-PBF fabricating high purity Ag scaffolds and the resultant 

mechanical and antibacterial performance towards S. aureus; the most common implant infection-

causing microbe. The established Ag process parameters from previous chapters were utilised to 

fabricate two porous bone scaffolds designs (approximately 68% and 90% porosity) and ascertain the 

mechanical and antibacterial performance.   

10.2. Materials and method 

10.2.1. Powder characterisation 

The Ag scaffold geometries presented in this chapter were manufactured out on an EOS M290 industrial 

grade AM system using pure (99.9%) powder (Fig 91a) supplied by Legor Group S.p.A with powder 

morphology and PSD as chapters 3 and 4. The composition of the powder was evaluated using energy 

dispersive X-Ray spectroscopy (EDX), the result of which are presented in Fig. 91b confirming that the 

powder is 100% Ag with no contaminants or oxidation. 

 
Fig. 91. SEM and EDX data showing (a) atomised pure-Ag particles used for L-PBF processing and (b) corresponding 

elemental analysis to assess contamination. 

 

10.2.2. L-PBF Ag bone scaffold 

Scaffold geometries developed in previous studies [87] featuring low and high porosity designs were 

utilised for L-PBF Ag fabrication. The two designs were chosen to conceive relatively high and low 

porosity while meeting the requirements associated with bone ingrowth.  

10 µm 

Element Weight% Atomic%  
         
Ag L 100.00 100.00  
    
Totals 100.00   

 

keV 

(a) (b) 
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10.2.3. X-ray computed tomography 

XCT analysis for this study was conducted utilising a Bruker Skyscan 2211 X-ray nanotomograph. 

XCT scanning, reconstruction and threshold parameters remained constant to ensure any variations in 

density and porosity could be attributed to scaffold geometry.  

10.2.4. Surface characterisation  

Surface characterisation of the L-PBF Ag scaffolds was evaluated using a Zeiss SEM with electron 

backscatter diffraction (EBSD) while EDX was utilised to establish the elemental composition and to 

assess the purity of both the Ag feedstock and manufactured samples. 

10.2.5. Compressive testing 

Compressive tests to evaluate the L-PBF Ag scaffolds material performance were carried out using a 

Zwick Roell Z1474 universal materials test rig having a maximum load capacity of 100 kN. The tests 

were carried out to obtain the stress-strain (𝜎 − 휀) responses for all the specimens. Before commencing 

the tests the rig was calibrated and verified following BSENISO 7500-1 [269] and the scaffolds were 

compressed to a maximum deformation of 60% at 0.01 mm/s. In all cases, a crosshead-controlled 

displacement with a 80 kN threshold was used to keep the compression from stopping at the yield limit. 

Based on the 𝜎 − 휀 curve, the properties of the test samples were characterised for Young’s modulus 

(E), elastic limit (𝜎𝑒), yield strength (𝜎𝑦), ultimate strength (𝜎𝑢𝑙𝑡) and ultimate strain (휀𝑢𝑙𝑡).  

10.2.6. Antimicrobial evaluation 

The antimicrobial properties of L-PBF Ag were evaluated in vitro against Staphylococcus aureus (S. 

aureus). After culturing for 24 hrs, spiral plating was used to evaluate bacteria viability. S. aureus was 

chosen for the initial analysis as they cause two-thirds of all orthopaedic implant infections and they 

are the principal causative agents of infection affecting bone [152]. S. aureus (ATCC 6538) was 

obtained from the American Type Culture Collection (LGC Standards, Teddington, United Kingdom). 

The organism was cultured on tryptone soy agar (Oxoid, Basingstoke, United Kingdom) for 24 h at 

32°C to allow for colony formation. After incubation, suspensions of bacteria were prepared in 
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Dulbecco’s Phosphate Buffered Saline (DPBS) solution to a concentration of 1E7 to 1E8 CFU/ml. The 

reduction in viable cells was plotted as the change in log viability for each time point compared to zero-

time viability. Dulbecco’s Phosphate Buffered Saline (DPBS) solution was used as a negative control. 

The methodology is widely used to characterise antibacterial performance when it comes to 

biomaterials [270]. 

10.3. Results and discussion 

10.3.1. L-PBF Ag bone scaffold 

To assess the feasibility of L-PBF AM of Ag bone scaffolds, two designs were fabricated using 

relatively low and high porosity cellular geometries being 68.5% (SC68) and 90.7% (SC90) 

respectively. The two geometries were designed to emulate thick and thin strut thicknesses 

representative of porous structures suitable for bone ingrowth informed by previous studies [87]. The 

additively manufactured scaffold prototypes are displayed in Fig. 92 and the resulting morphology of 

as built Ag scaffolds are as shown in Fig. 93. While the interconnected porosity and the representative 

geometry closely followed the CAD (ideal geometry), the average strut thickness of SC90 was found 

to vary by approximately 50 µm which could be due to sturt surfaces retaining powder or more likely 

the need for further L-PBF process parameter optimisation for thin-walled structures. While this is in 

line with existing literature [61,271–273] on L-PBF of thin struts (<300 µm), the comparatively low 

mechanical performance of Ag means that the effects can be significant. 

 
Fig. 92. As built L-PBF Ag bone scaffolds where SC90 and SC68 feature a porosity 90.7% and 68.5%. 

SC90 

SC68 

5 mm 
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It can be seen from Fig. 93 that despite the existence of semi-molten particles on the surface, SC68 

features significantly low thickness variations in comparison to SC90. This clearly shows that even 

though L-PBF has clear advantages fabricating complex shapes, there are still challenges when it comes 

to thin structures <300 µm particularly with novel nonstandard materials such as Ag. Even though, this 

is a case explored by some researchers [272,274,275], most porous models do not take manufacturing 

processes into consideration nor implement the manufacturing limitations at the design stage. Studies 

carried out by Zadpoor [276] also shows this to be a critical aspect and if ignored can be detrimental to 

the mechanical performance of additively manufactured porous structures. 

 
Fig. 93. Morphology of the as printed pure Ag scaffolds using L-PBF where (a) shows SC68 and (b) SC90. 

10.3.1.1. Mechanical performance of Ag bone scaffold 

The mechanical 𝜎 − 휀 performance for L-PBF Ag scaffolds are displayed in Fig. 94 with the 

corresponding 𝜎𝑦  and E performance summarised in table 17. Generally, the stress-strain curve for 

cellular metallic materials represents three characteristic regions representing both the elastic and plastic 

performance. The first characteristic regions show both the linear and non-linear elastic deformation, 

where the 𝜎 − 휀 proportionality is followed by a non-linear region ending in a stress peak commonly 

referred to as the ultimate strength (𝜎𝑢𝑙𝑡). However, due to the considerable ductile behaviour of Ag, 

neither 𝜎𝑢𝑙𝑡 or 휀𝑢𝑙𝑡 could be registered. A case similar to observations by Wauthle et al. while studying 

AM porous tantalum implants [277]. In both cases, the reason for this is the ductile behaviour of the 

material influencing what is otherwise a clear distinction between elastic and plastic performance. As 

the compression strain increases, the scaffolds plastically deformed (crushed) subsequently undergoing 

densification. Accordingly, the three distinct regions of the 𝜎 − 휀 curve can be identified as: (i) the 

200 µm 200 µm 

(a) (b) 
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linear elastic region followed by (ii) the plateau and finally (iii) densification where a steep rise in stress 

can be observed. The performance at the plateau region is a result of the interaction between the crushed 

material. As a result, two distinct slopes can be dictated by the respective porosity of scaffolds being 

tested. Therefore Fig. 94a is representative of a highly porous structure while Fig. 94b represents a 

comparatively dense structure characterised by the shorter and steeper plateau region. 

  
(a) (b) 

Fig. 94. Compressive performance of Ag scaffolds where (a) is SC90 and (b) is SC68. 

Looking at the experimental performance parameters for the Ag scaffolds, the highest elastic modulus 

(E) was exhibited by SC68 followed by SC90 at 1.86 and 0.13 GPa respectively.  

Table 17 Mechanical performance of L-PBF Ag bone scaffolds. 

Scaffold 𝝈𝒚  (MPa) E (GPa) 

SC68 44.58 1.86 

SC90 10.16 0.13 

 

This performance trend was anticipated as SC68 features a lower porosity in comparison to SC90 at 

68.46% and 90.69% respectively. The trend was similar for yield strength (𝜎𝑦), where SC90 showed 

the lowest performance at 10.16 MPa and SC68 the highest at 44.58 MPa. 

10.3.1.2. Failure modes 

L-PBF process induced imperfections can create weak regions for complex thin walled biomaterial 

lattice structures [278]. Additionally, scaffold mechanical performance will also depend on the powder 

feedstock, L-PBF process parameters and part orientation [277,279]. Fig. 95. Displays still frames 
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recorded during quasi-static compression. The images correspond to the compressive strain between 

10% and 60%. From the deformation pattern exhibited by the structures, two distinct failure modes can 

be identified and it is clear that the porosity of the scaffolds has a significant effect on the part quality 

as SC90 clearly shows localised failure. 

 

Fig. 95. Deformation and failure associated with pure Ag scaffold prototypes where (a) shows SC90 and (b) SC68. 

Looking closely at the deformation of SC90 (Fig. 95a), it can be seen that the failure is dominated by 

weaker links at the lowest layer. As a result, a buckling induced failure can be observed starting from 

the first layer where multiple weaker links buckles to initiate plastic failure. XCT data for SC90 and 

SC68 is displayed in Fig. 96. Fig. 96b (SC90) displays L-PBF process induced geometrical irregularity 

acting as a weak link at the lower layers of SC90. The location of the link corresponds with the failed. 

Fig. 93a (SC68) shows that the scaffold prototype has good structural integrity and as a result shows 

failure due to barrel-shaped bulging (Fig. 94b) as opposed to localised failure suggesting the associated 

L-PBF process parameters operated more favourably for the relatively thicker geometry. Consequently, 

further refinement of the process parameters and powder characteristics are required to conceive 

geometrically accurate parts <300 µm at 90% porosity and therefore CAD and scaffold actual geometry 

was not considered in this study. However, the parameters presented in this thesis are capable of 

manufacturing highly repeatable and geometrically precise parts for beam/wall thicknesses above 300 

µm up to porosity of ~70%. 

(a) 

(b) 

10% 20% 
30% 

40% 50% 
60% 
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Fig. 96. Reconstructed XCT data of the L-PBF pure Ag scaffolds showing (a) SC68 and (b) SC90. 

 

Osseointegration can be affected by implant surface roughness, topology and pore interconnectivity 

[280] and therefore these characteristics are critical for bone-interfacing scaffolds. Therefore, in 

addition to mechanical properties such as elastic modulus and strength, the surface itself has to provide 

suitability for the migration and proliferation of osteoprogenitor cells or nucleation sites for de novo 

bone formation within the scaffold. Accordingly, the Ag scaffolds were SEM analysed to study the 

surface properties as shown in Fig. 97.  

 

Fig. 97. Surface morphology of L-PBF Ag scaffold surfaces showing the respective sections used for EDX analysis where (a) 

shows SC68 and (b) SC90. 

While the data shows the existence of multiple open porosities that allows for osteoblast incubation, the 

EDX analysis showed the presence of higher oxygen for areas identified by spectrum 2 as listed in table 

18.  

 

(a) (b) 

 

 L-PBF process induced defect 

20 µm 20 µm 

Spectrum 1 

(a) (b) 

Spectrum 2 
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Table 18. Elemental composition derived from EDX spectrum of the respective regions as shown in Fig. 99. 

Element 
Spectrum 1 Spectrum 2 

Weight% Atomic% Weight% Atomic% 

O 0.73 4.75 5.80 29.35 

Ag 99.27 95.25 94.20 70.65 

Total 100 100 100 100 

 

Looking at the data, these scattered areas of higher oxygen content can be identified as shown in Fig. 

97b, which looks like spatter and oxidation reactions. The EDX data shows that some Ag spatter is 

enriched with surface oxides resulting in a higher content of oxygen residue. The formation of oxide 

layers on powder feedstock during powder bed AM processing is becoming increasing documented 

[124,281,282] and evaporation during laser welding can influence laser absorption, which in turn gives 

rise to fumes that are deposited as oxygen-enriched laser spatter [283,284]. Consequently, reduced 

oxygen L-PBF process environments and novel gas mixtures are being investigated to mitigate negative 

oxidation. However, so far studies on gas mixes and oxygen reduction have been primarily focused on 

L-PBF of titanium (Ti) [123–125]. Therefore, in the case of Ag inert gas powder storage and L-PBF 

build environment control such as custom gas mixtures and reducing L-PBF process oxygen content 

also offer potential for improved Ag L-PBF processing and scaffold fabrication. In any case, the 

occurrence of oxygen-enriched spatter was found to be sparse and was identified only on the upskin 

and downskin surfaces of the scaffold and therefore could be removed through effective post-processing 

such as abrasive blasting before implantation. 

10.3.2. Antibacterial performance  

The antibacterial performance was investigated using Staphylococcus aureus (ATCC6538) (and 20mm 

Ag disc samples fabricated with the Ag scaffolds) to confirm whether L-PBF Ag scaffolds possess any 

antibacterial efficacy. 

S. aureus is one of the most common infection causing bacterium in scaffolds [285] and falls under the 

Gram-positive classification which is associated with large amounts of soft tissue infections in humans. 

Infections because of Gram-positive bacteria are susceptible to beta-lactam antibiotics like penicillin 

meaning they have a high efficacy in acquiring antibiotic resistance (an example of this is the superbug 
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MRSA which is a staphylococcus species). Although S. aureus infections can often be treated, when 

associated with scaffold they lead to invasive and life-threatening complications. Furthermore, hospital-

acquired S. aureus infections are further complicated due to the multidrug-resistance nature of the 

strains which can affect medical devices creating biofilms in vivo which further contributed to implant-

associated infection [286–288]. Although many microbes can cause implant infections, S. aureus is one 

of the most common pathogen [289] and therefore the infection-resistance of L-PBF Ag bone scaffolds 

was established using a 24-hour time-kill experiment on S. aureus. The reduction in viable cells was 

plotted as the change in log viability for each time point compared to zero-time viability. An identical 

test was carried out on Dulbecco’s Phosphate Buffered Saline (DPBS) as a negative control to fully 

associate the observance of any antibacterial activities to the scaffold alone.  

The antibacterial analysis shown in Fig. 98 confirms that L-PBF Ag not only inhibits the growth but 

kills S. aureus bacterium that is commonly associated with biofilm formation and implant-related 

infection. The antibacterial activity of Ag starts around 4 hours and leads to a 90% reduction of S. 

aureus in 7 hours. Overall, 99.9% reduction in S. aureus was achieved in 14 hours demonstrating that 

L-PBF  Ag displays antibacterial efficacy. 

 
 

Fig. 98. Antibacterial time-kill efficacy of additively manufactured pure Ag bone scaffold against S. aureus. 

10.4. Summary 

Implant related infection is a serious concern and numerous research efforts are ongoing around the 

world to address this issue. To this extent, this chapter demonstrates the use of L-PBF to fabricate 
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porous (68-90%) Ag bone scaffolds with antibacterial properties for the first time. The relatively low 

(68%) and high (90%) porosity Ag bone scaffolds exhibited yield strength and elastic modulus in the 

range of 44.58-10.16 MPa and 1.86-0.13 GPa. With a yield strength of 44.58 MPa, an elastic modulus 

of 1.86 GPa and a ductile deformation mechanism at 68% porosity, L-PBF pure Ag scaffold exhibits 

mechanical properties that are in the range of cancellous bone. While EDX analysis displayed a 5.8% 

oxygen contamination at the surfaces of the L-PBF Ag, the antibacterial efficacy was unaffected. L-

PBF Ag not only inhibited bacterial growth but showed a 99.9% kill of the most common implant 

infection-causing Staphylococcus aureus in 14 hours. Overall, the study shows L-PBF is suitable to 

fabricate porous Ag bone scaffolds with promising antibacterial efficacy. 
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Chapter 11 Response to COVID-19  

Antiviral performance of L-PBF Cu-Ag based alloys 

11.1. Introduction 

March 11th, 2020, saw the World Health Organisation (WHO) declare a global pandemic following the 

Coronavirus Disease 2019 (COVID-19) outbreak. The prolonged outbreak combined with concerns 

regarding second, and third waves (at time of writing) of reinfection resulted in industry and academic 

institutions combining their resources and multidisciplinary knowledge to develop products that could 

reduce virus transmission and save lives [130,150,290]. The research presented in this chapter was 

conducted in collaboration between the University of Wolverhampton’s Additive Manufacturing of 

Functional Materials research group and Universidad Catolica de Valencia in response to the COVID-

19 pandemic to assess the feasibility of creating 3D printable anti-SARS-CoV-2 materials and 

geometries for open-source distribution.  

The use of metals such as Cu, Ag, and W show promising potential for antimicrobial applications due 

to the broad-spectrum antimicrobial properties combined with ion release and redox reactions 

[142,143,146,148]. As such they are worthy candidates to explore the fabrication of on-demand 

antimicrobial biomaterials while investigating the possibility to transcend supply chain restrictions 

through redistributed manufacturing. Previous studies have reported the successful L-PBF processing 

of Cu, Ag and W [68,291] and the antimicrobial benefits of Ag, Cu, and W are being reported 

[27,28,113,138,142,143,292]. However, the antiviral performance of these materials as a potential 

biomaterial in relation to SARS-CoV-2 is yet to be established. As such the work reported in this chapter 

is the first to demonstrate both the 3D printing and antiviral evaluation of a Cu-W-Ag biomaterial 

suitable for redistributed manufacturing.  

Redistributed Manufacturing can transform how emergency medicine and devices are developed and 

supplied through personalised manufacturing close to point-of-care [293–295]. It has the potential to 

make the overall system resilient against supply chain disruption, reduce waste, and ensure preparation 

for situations where supply chain disruptions are likely (such as the COVID-19 crisis). Digital 
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fabrication techniques such as L-PBF AM are widely considered the most suitable in regard to metal 

AM as it allows for the rapid development and deployment of potential solutions alleviating 

transportation and supply chain constraints [87,296]. However, to enable this, personalised devices 

using functional biomaterials are required to be additively manufactured without complex pre-

processing [297–299]. This chapter combines application-specific antiviral Cu-W-Ag feedstock and 3D 

printed in-situ alloying to digitally fabricate on demand antiviral mask filters.  

A proof-of-concept redistributed manufacturing methodology is proposed which further simplifies the 

manufacturing process by removing timely and costly CAD processes and replacing them with direct 

3D printing L-PBF process parameters to inform the resultant filter and pore geometries. Recent 

antiviral studies have shown that phage phi 6 is a suitable biosafe RNA viral model of SARS-CoV-2 to 

work with due to the shortage of biosafety level 3 laboratories [300]. Phi 6 is a double-stranded RNA 

virus with three-part, segmented, totalling ~13.5kb in length. Even though this type of 

lytic bacteriophage belongs to the Group III of the Baltimore classification [301], it has a lipid 

membrane around their nucleocapsid as SARS-CoV-2. Therefore, the resultant 3D printed structures 

are exposed to this biosafe viral model of SARS-CoV-2 to assess the anti-SARS-CoV-2 potential of the 

Cu-W-Ag material. While the methodology reported here informs prototype face mask filter 

geometries, the approach can be adopted for developing complex Heating, Ventilation, and Air 

Conditioning (HVAC) antiviral filtration systems for both the general community and health care 

settings alike. The approach presented in this chapter circumvents the need for large and often complex 

CAD files which are traditionally needed for the AM of complex porous geometries. The data for pore 

architecture is conceived in the form of L-PBF process parameters that allows the almost instant transfer 

to any compatible printers for the on-demand fabrication of anti-SARS-CoV-2 filters. This method 

alleviates traditional transportation issues and the need for high-performance workstations often 

required for CAD preparation. In this regard, this research is the first open and collaborative approach 

in the digitalised manufacture of an anti-SARS-CoV-2 material.  

https://en.wikipedia.org/wiki/Lipid_membrane%22%20/o%20%22Lipid%20membrane
https://en.wikipedia.org/wiki/Lipid_membrane%22%20/o%20%22Lipid%20membrane
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11.2. Materials and methods  

11.2.1. Powder characterisation  

The filters developed in this chapter were fabricated using Cu-W-Ag and L-PBF in-situ alloying. The 

atomised powders morphology is displayed in Fig. 99 at wt.% ratio of Cu-76%, W-17%, and Ag-7%. 

As established in previous chapters Cu and Ag are difficult to laser process due to their highly reflective 

and thermally conductive properties [23,24,27,113] and therefore require optimised L-PBF process 

parameters. In this case the high melt point of W also adds to the challenges for L-PBF processing 

[19,302]. However, although difficult to laser process all three materials have been successfully 

processed with varying success [28,216,303] with Cu seeing significant interest for various applications 

[197,256,260]. The anti-SARS-CoV-2 properties of Cu have been reported in previous studies [146] 

which informed the feedstock material composition to ascertain any improvement in antiviral effects 

from adding W and Ag as alloying elements. Fig 99a shows the spherical morphology of the powder 

required for the L-PBF process. Smaller satellite particles (⁓5µm) can be seen attached to the larger 

(⁓40µm) particles. Fig. 99b highlights some of the irregular morphology of some powder particles. 

Nevertheless, the overall sphericity and particle size range is favourable for the L-PBF process. All 

samples presented in this chapter were fabricated on an EOS M290 system featuring a 400W laser with 

100µm spot size. All builds were completed in an argon inert atmosphere with an oxygen content below 

0.1%. 

 
Fig. 99. Scanning Electron Microscopy (SEM) data showing atomised Cu-W-Ag powders used for L-PBF in-situ alloying 

where (a) shows sphericity of the powder and (b) irregular morphology of some particles. 

(a) (b) 
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Physical 15 mm samples were 3D printed to satisfy and investigate all parametric combinations 

randomised by the surrogate model. Other than the process parameter variables the only CAD input was 

the global disk dimensions being 15 mm diameter and 2 mm thickness. The L-PBF layer thickness was 

30 µm and recoating dosing factor was kept at 150% to ensure sufficient Cu-W-Ag powder for each 

complete layer. The build process was completed at an oxygen content of 0.1% and a platform 

temperature of 35 °C. The samples were removed from the build platform using submerged wire 

Electro‐Discharge Machining (EDM). 

11.2.2. Development of efficient CAD representations of complex structures 

As discussed, L-PBF utilises a laser energy source to fabricate complex structures from CAD data 

initially generated in an STL file format. The STL data format is currently the universally agreed format 

for 3D printing part geometry transfer. However, the process of CAD to STL conversion and slicing 

suitable for L-PBF processing includes multiple data conversion, complex support generation, file 

fixing, file slicing, and build set up where improvements are required [304]. While the process is 

relatively straight forward for a solid geometries, for porous geometries, the number of data points 

created increase exponentially in relation to feature size and porosity. This leads to significant 

challenges associated with pre-processing leading to alterations in the file format resolution, error fixing 

(bad edges, overlapping, intersecting triangles), and slicing parameter inconsistencies leading to print 

defects [305–307]. 

The complex conversion can also call for highly specialised knowledgeable technicians and software 

experts increasing the processing time challenging the feasibility of redistributed manufacturing using 

3D printing. To alleviate this problem, this study proposes an alternative methodology that simplifies 

the requirement of porous CAD geometry through a surrogate model featuring L-PBF process 

parameters. Despite the highly porous mesh developed in this study, the CAD simply informs the limits 

of the global geometry. As a result, the parametric combination proposed by the surrogate model can 

be used directly for a plug and play L-PBF parameter set for porous geometry fabrication. 
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11.2.3. Development of the surrogate model 

11.2.3.1. L-PBF parameter influence for pore formation 

As established in previous chapters L-PBF processing parameters can have a significant impact on 

single track fabrication and the resulting geometries being manufactured. Laser power, scan speed, layer 

thickness, and hatch distance all have a notable effect on energy density at the powder bed. As such 

they have a significant influence on heat transfer and phase transformation of the material and the 

stability of the resulting melt pool track production [223]. The size of the melt pool track produced is 

therefore a function of the absorptivity and reflectivity of the material being melted and the energy input 

to the weld pool. The relationship between the L-PBF process parameters and the resulting melt track 

means that they can be manipulated to create controlled porous geometries. Usually L-PBF process 

parameter development would study the influence of process parameters to develop a dense part. 

However, this study is concerned with identifying the process parameters influence in such a way as to 

create a porous mesh. To do this, the relationship between the L-PBF variables to fabricate Cu-W-Ag 

must be linked to the objective function of the geometry as represented in Eq. (2) 

{

 
𝑓(𝑥) = [𝑓1(𝑥), 𝑓2(𝑥),…… , 𝑓𝑖(𝑥)]

 
𝑠. 𝑡                     𝑥𝑙 ≤ 𝑥 ≤ 𝑥𝑢          

 

 (2)  

 

where 𝑥 = (𝑥1, 𝑥2, … , 𝑥𝑘) is the vector of 𝑘 process variables, 𝑥𝑙 and 𝑥𝑢 are the lower and upper limits 

of the process variables, respectively and 𝑓(𝑥) is the objective function.  

An objective function considering all the process parameter variables in geometry fabrication is not 

feasible as the L-PBF of Cu-W-Ag feedstock is not reported and the resultant melt pool track 

morphology is also unknown. However, chapter 3 established the link between track width and energy 

input where increasing scan speed reduces laser energy input, which results in a smaller weld pool and 

track width. At lower scan speeds, the temperature and volume of the powder consumed are higher as 

a result of the higher energy input resulting in a wider weld pool and track [27]. Therefore, 

understanding the L-PBF parameter effects for optimum anti-SARS-CoV-2 filter fabrication is required. 
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A controlled and repeatable L-PBF porous mesh requires the identification of the order of influence of 

the process parameters (variables) to achieve the targeted pore geometry (responses). These responses 

are the characteristics that are considered most favourable to optimise the design for the specific 

problem. The methodology proposed in this study manipulates laser energy at the powder bed through 

L-PBF laser power (𝐿𝑝), scan speed (𝑆𝑠) and hatch distance (ℎ𝑑) parameters applied in scan directions 

laser track x and y to inform pore shape as shown in Fig. 100. The responses that characterise the pore 

shape include the track width (𝑡𝑤), pore size in x (𝑝𝑥) and y (𝑝𝑦). 

 
Fig. 100. L-PBF process parameters and responses used to develop anti-SARS-CoV-2 micropore filters without using porous 

CAD data. 

11.2.3.2. Response surface model 

The surrogate model employs the Response Surface Methodology (RSM) to identify the relationship 

between the process variables and the resulting responses of the Cu-W-Ag porous mesh geometry. The 

process parameters considered in this study are Lp, Ss, and hd with associated ranges listed in table 19. 

The selected ranges were informed by previous chapters [27,113] where a 0.14 mm hd resulted in a fully 

dense part. 1 mm hd was selected to ensure visible pore size for initial RSM input. Lp ranged between 

minima and maxima of 320 and 370 W which is near the limits of the EOS M290 system. These 

parameters were selected based on the previous chapters L-PBF processing reflective and thermally 

conductive Cu and Ag [28,143] but also the high melt temperature of the W [19,308] element. Ss ranged 

between minima and maxima of 250 and 500 mm/s which is relatively slow in comparison to current 

L-PBF materials. However, previous chapters have highlighted the relatively high laser power 
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requirements and it is reasonable to assume that the relatively high melt temperature, thermal and 

reflective material properties require higher laser energy input at the powder bed for sufficient melt pool 

formation to take place.  

Table 19. L-PBF process parameter variables and associated ranges considered for the Cu-W-Ag surrogate model. 

Variables Codes -1 0 1 

hd (mm) A 0.14 0.57 1 

Ss (mm/s) B 250 375 500 

Lp (W) C 320 345 370 
 

The Response Surface (RS) models were then generated for the responses 𝑡𝑤, 𝑝𝑥 and 𝑝𝑦 using 

mathematical and statistical grouping techniques based on the fit of empirical models to the 

experimental response data. Polynomial functions are then employed to describe the potential resultant 

pore architecture based on the parameter influence. Once the model is trained using experimental data 

sets, a desirability criterion can be used to predict an optimum parameter set for the smallest pore size 

achievable to print the anti-SARS-CoV-2 filters. The surrogate models can also be extended to study 

the interaction effects between the process parameters and the resulting Cu-W-Ag porous architecture. 

A flowchart of the methodology considered for the development of the surrogate model and obtaining 

the optimal porous Cu-W-Ag filter is shown in Fig. 101. 

 

Fig. 101. The surrogate modelling approach used to derive the L-PBF process parameter informed porous Cu-W-Ag filter. 
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11.2.3.3. Response characterisation 

11.2.3.3.1. Confocal microscopy 

The responses considered in this study are the track width (𝑡𝑤) and pore size measures in x (𝑝𝑥) and y 

(𝑝𝑦) as shown in Fig. 100. This response together dictates the overall porosity and pore size of the Cu-

W-Ag microporous mesh. Post-printing the responses were characterised using an Olympus Lext OLS 

3000 Laser Scanning Confocal Microscope (LSCM) and XCT. This data-informed the surrogate model 

which was subsequently used to predict the optimum hatch distance, laser power, and scan speed 

parameters. The optimised parameters were then used to print the high-porosity mesh used for antiviral 

evaluation. 

11.2.3.3.2. X-ray computed tomography 

XCT was conducted to analyse the pore morphology and porosity of the L-PBF samples. The analysis 

was conducted using the Bruker Skyscan 2211 X-ray nano-tomograph. All samples were scanned with 

the same XCT scanning, threshold, and reconstruction parameters to ensure any notable changes in 

porosity can be attributed to the process parameters.  

11.3. Antiviral evaluation using a biosafe viral model of SARS-CoV-2 

11.3.1. Phage phi6 host culture 

Pseudomonas syringae from the DSMZ-German collection of microorganisms and cell cultures GmbH 

(reference DSM 21482), were cultured in solid Tryptic Soy Agar (TSA, Liofilchem). After that, the 

bacteria were incubated in Liquid Tryptic Soy Broth (TSB, Liofilchem) at 25ºC and 120 rpm.  

11.3.2. Phage phi 6 propagation 

Pseudomonas phage phi6 from the DSMZ-German collection of microorganisms and cell cultures 

(reference DSM 21518) was propagated according to the specifications provided. 
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11.3.3. Antimicrobial filter sample preparation 

In addition to the 3D printed Cu-W-Ag microporous specimen, a non-woven spunlace fabric filter from 

NV EVOLUTIA (commercial filters used for face masks) of 10 mm in diameter was cut with a 

cylindrical punch to be used as reference material. All the discs were subsequently dried at 60º for 24 

hours and sterilized by immersion in an absolute ethanol/distilled water solution (70/30% v/v) for 5 

minutes at 25ºC and UV radiation one hour per each side.  

11.3.4. Antiviral test 

The antiviral activity of the samples was measured at 5 hours of contact with the biosafe virus model to 

ensure sufficient antimicrobial ion release. Thus, a volume of 50 μL of a phage suspension in TSB was 

introduced into each filter at a concentration of 1x106 plaque‐forming units per mL (PFU/mL) and 

allowed to incubate for 5 hours. After that, each filter was placed in a falcon tube with 10mL TSB and 

sonicated for 5 minutes at 24 ° C and subsequently, vortexed for 1 minute. Serial dilutions of each 

falcon were performed for phage titration and 100 μL of each phage dilution were placed in contact 

with 100 μL of the host strain at OD600mm = 0.5. The infective of the phage was measured by a procedure 

based on the double-layer method. Thus 4 mL of top agar (TSB + 0.75% bacteriological agar, Scharlau) 

and 5mM CaCl2 were introduced into the phage-bacteria mixture. The mixture was poured on TSA 

plates that were incubated for 24-48h in an oven at 25ºC.  

11.4. Results and discussion 

11.4.1. 3D printed Cu-W-Ag parametric filters 

The as built L-PBF Cu-W-Ag samples based on the randomised process parameter combinations 

informed by the surrogate matrix are shown in Fig. 102. Upon completion of the build, the parts were 

removed from the build plate using EDM. A relatively rough surface finish was created which can be 

attributed to the challenging material composition. Although the L-PBF process has numerous variables 

related to feedstock and laser-material interaction [7], identifying patterns in melt pool interaction was 

of primary importance. 
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Fig. 102. Selective laser melted Cu-W-Ag samples based on randomised process parameter matrix generated to train the 

surrogate model. (a) ℎ𝑑 = 0.57 𝑚𝑚, 𝑆𝑠 = 375 𝑚𝑚/𝑠, 𝐿𝑝 = 345 𝑊, (b) ℎ𝑑 = 1 𝑚𝑚, 𝑆𝑠 = 500 𝑚𝑚/𝑠, 𝐿𝑝 = 345 𝑊, (c) 

ℎ𝑑 = 0.14 𝑚𝑚, 𝑆𝑠 = 375 𝑚𝑚/𝑠, 𝐿𝑝 = 370 𝑊, (d) ℎ𝑑 = 1 𝑚𝑚, 𝑆𝑠 = 250 𝑚𝑚/𝑠, 𝐿𝑝 = 345 𝑊, (e) ℎ𝑑 = 1 𝑚𝑚, 𝑆𝑠 =

375 𝑚𝑚/𝑠, 𝐿𝑝 = 370 𝑊, (f) ℎ𝑑 = 0.14 𝑚𝑚, 𝑆𝑠 = 375 𝑚𝑚/𝑠, 𝐿𝑝 = 320 𝑊, (g) ℎ𝑑 = 0.57 𝑚𝑚, 𝑆𝑠 = 500 𝑚𝑚/𝑠, (h) 𝐿𝑝 =

370 𝑊, (h) ℎ𝑑 = 0.57 𝑚𝑚, 𝑆𝑠 = 500 𝑚𝑚/𝑠, 𝐿𝑝 = 320 𝑊, (i) ℎ𝑑 = 0.14 𝑚𝑚, 𝑆𝑠 = 250 𝑚𝑚/𝑠, 𝐿𝑝 = 345 𝑊, (j) ℎ𝑑 =

1 𝑚𝑚, 𝑆𝑠 = 375 𝑚𝑚/𝑠, 𝐿𝑝 = 320 𝑊, (k) ℎ𝑑 = 0.57 𝑚𝑚, 𝑆𝑠 = 250 𝑚𝑚/𝑠, 𝐿𝑝 = 370 𝑊, (l) ℎ𝑑 = 0.14 𝑚𝑚, 𝑆𝑠 =

500 𝑚𝑚/𝑠, 𝐿𝑝 = 345 𝑊 and (m) ℎ𝑑 = 0.57 𝑚𝑚, 𝑆𝑠 = 250 𝑚𝑚/𝑠, 𝐿𝑝 = 320 𝑊. 

Since the approach considered goes beyond pore resolution that is generally achievable from L-PBF, a 

comprehensive understanding of the melt track formation is critical in achieving a fine filter mesh. As 

shown in Fig. 103, the parametric combinations of laser power, scan speed, and hatch distance can 

generate Cu-W-Ag structures with varying degrees of porosity. Even though the porous samples 

validate the selection of the process parameters as suitable, the optimal combination of these parameters 

to print with fine pores is unknown. To establish such an optimum parametric combination, the order 

of influence of the process parameters is required. Accordingly, response surface models were 

generated based on the randomised variables. 

10 mm 
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Fig. 103. Confocal microscopy data showing the L-PBF process parameter informed porous architecture for a selection of 

the training samples where (a) ℎ𝑑 = 1 𝑚𝑚, 𝑆𝑠 = 500 𝑚𝑚/𝑠, 𝐿𝑝 = 345 𝑊 and (b) ℎ𝑑 = 0.57 𝑚𝑚, 𝑆𝑠 = 500 𝑚𝑚/𝑠, 𝐿𝑝 =

345 𝑊. 

11.4.2. Surrogate model 

After identifying the potential of process parametric combinations to create porous architecture; the 

question becomes ‘what combinations of the parameters will result in the most optimum porous 

architecture? ‘. To answer this question, a surrogate model was generated to study both the interaction 

effects and order of influence of the L-PBF variables on the resulting responses of the pore architecture. 

While the analysis so far was focused on establishing the suitability of the approach, the role of the 

surrogate model is to identify the interaction effects of the process variables on the resulting pore and 

laser molten track dimensions. 

The process parameters that have the potential for significant influence on the porous architecture were 

identified as the hatch distance (ℎ𝑑), scan speed (𝑆𝑠) and laser power (𝐿𝑝) with associated ranges as 

presented in table 19. Consideration was also given when selecting the maximum and minimum limits 

of these geometrical parameters to make sure the Cu-W-Ag material could be laser processed. The 

surrogate model was used to study both the influence and interaction of these parameters and their 

significance on the three responses that characterises the porous architecture, namely, track width (𝑡𝑤), 

pore width (𝑝𝑥) and pore height (𝑝𝑦). The results of the analysis were used to identify process 

parameters that had the most and least significance on the responses of interest. While research 

regarding the influence of process parameters on the mechanical performance of L-PBF materials is 

(a) (b) 

600 µm 
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increasing, the literature on porous architecture is limited. As such the authors were unable to identify 

any previous literature that uses the proposed methodology for porous material fabrication let alone for 

novel antiviral Cu-W-Ag material. 

Table 20. Randomised training matrix informing the surrogate model for selective laser melting of Cu-W-Ag. 

Variable factors Responses (µ𝒎) 

𝐴 = ℎ𝑑  (mm) 𝐵 = 𝑆𝑠  (mm/s) 𝐶 = 𝐿𝑝 (W) 𝑡𝑤   𝑝𝑦 𝑝𝑥 

1.00 500 345 367.2 624.04 667.59 

0.57 375 345 349.86 331.06 324.22 

0.14 375 370 379.85 0.00 0.00 

0.57 500 370 314.4 246.95 294.19 

0.14 375 320 379.85 0.00 0.00 

1.00 250 345 453.41 547.96 586.32 

1.00 375 370 389.18 569.65 560.77 

0.14 250 345 453.41 0.00 0.00 

0.57 500 320 291.64 308.93 295.88 

0.57 250 370 409.1 249.82 248.55 

0.57 250 320 291.15 295.06 290.88 

1.00 375 320 379.85 627.19 615.07 

0.14 500 345 367.20 0.00 0.00 

Before using the surrogate model for analysis, the accuracy of the model was characterised using the 

analysis of variance (ANOVA). Once the model was confirmed valid, it was used to generate Response 

Surfaces (RS), that displayed the relationship between the L-PBF process parameters (ℎ𝑑, 𝑆𝑠, 𝐿𝑝) on 

the responses (𝑡𝑤, 𝑝𝑥, 𝑝𝑦) characterising the printability and porosity of Cu-W-Ag. The surrogate model 

developed was based on the Box–Behnken higher-order response surface methodology that represents 

the variables of interest as independent factors as listed in table 20. 

The training responses were experimentally measured using confocal and XCT data with results also 

displayed in table 20. The best-fit indicators characterising the accuracy of the surrogate model revealed 

that both 𝑝𝑥 and 𝑝𝑦 (responses related to pore size) have a linear relationship with the process 

parameters as listed in Eqs. (3) and (4) respectively. Characterising the relationship of the Cu-W-Ag 

track width (𝑡𝑤) with the L-PBF process parameters required a quadratic model as listed in Eqs. (5) 

which implies significant interaction effects between the variables. 
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𝑝𝑥 = 22.26 + 706.32ℎ𝑑 + 0.13𝑆𝑠 − 0.49𝐿𝑝 (3) 

𝑝𝑦 = 160.51 + 688.61ℎ𝑑 + 0.09𝑆𝑠 − 0.82𝐿𝑝 (4) 

𝑡𝑤 = −5524.61 − 429.91ℎ𝑑 + 2.24𝑆𝑠 + 31.86𝐿𝑝 − 1.46𝑒
−14ℎ𝑑𝑆𝑠 + 0.22ℎ𝑑𝐿𝑝

− 7.62 𝑒−3𝑆𝑠𝐿𝑝 + 313.83ℎ𝑑
2 + 1.55𝑒−4𝑆𝑠

2 − 0.04𝐿𝑝
2 

(5) 

As shown in table 21, ANOVA can be used to evaluate the accuracy of the model, which are the 

probability (p-value), coefficient of determination 𝑅2, Adjusted 𝑅2, and Adequate precision. The results 

show that all models feature significant F-values and very low p-values, which are the most common 

denominator demonstrating that all models are valid with negligible noise [245,309,310]. 

Table 21. Analysis of variance showing the significance and quality of the surrogate model developed. 

Model F-value p-value 
Statistical measurements 

R2 Adj-R2 Adeq-precision 

𝑡𝑤 8.07 0.0059 0.9851 0.7990 9.9747 

𝑝𝑦 285.62 <0.0001 0.9893 0.9816 45.4985 

𝑝𝑥 384.18 <0.0001 0.9888 0.9863 52.0565 

In general, models with a probability (p) value of less than 0.05 signifies that model terms are significant 

[311]. This in combination with a higher than 4 adequate precision ratios shows that the surrogate model 

has insignificant noise [312]. It can also be seen that all model terms show a high 𝑅2 which are all 

commonly used credentials indicating the quality of the surrogate model. Overall, the analysis of 

variance shows that all three models are significant and can be used to make valid predictions within 

the range listed in table 21. This means that Eq. (3-5) adequately represents the relationship between 

the L-PBF process variables and the characteristics of the porous Cu-W-Ag microporous architecture. 

Therefore, it can be confirmed that the surrogate model developed in this chapter is appropriate and can 

be used to study the parametric interaction of the process parameters on the resulting responses. 

11.4.3. Influence of L-PBF parameters on the porous architecture 

11.4.3.1. Parametric interaction and track width 

L-PBF track width has a significant influence on the overall porosity that can be achieved. Therefore, 

when developing process informed microporous architecture using L-PBF, a critical understanding of 
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the influence is required. Fig. 104 shows that scan speed and laser power have a higher influence on the 

Cu-W-Ag track width.  

 
Fig.  104. Influence of the L-PBF process parameters on printed Cu-W-Ag track width showing (a) the influence of 𝑆𝑠 and ℎ𝑑 

when 𝐿𝑝 is constant, (b) the influence of 𝐿𝑝 on ℎ𝑑 when 𝑆𝑠 is constant and (c) the influence of 𝐿𝑝 and 𝑆𝑠 when ℎ𝑑 is constant. 

The comparison of (a), (b), and (c) also reveals the interaction effects between the design parameters taking place. 

However, the order of influence and the interaction effects between the parameters vary significantly. 

Looking at the influence of 𝑆𝑠 and ℎ𝑑 as shown in Fig. 104a, it can be seen that 𝑡𝑤 increases almost 

linearly as 𝑆𝑠 decreases resulting in the thinnest track width at the highest scan speed. As such the 

interaction effects between 𝑆𝑠 and ℎ𝑑 on Cu-W-Ag track width is insignificant. This was expected as 

the characteristics of track width in L-PBF are primarily attributable to the laser energy density where 

the hatch distance generally has a smaller influence. A similar trend was displayed when evaluating the 

interaction effects of 𝐿𝑝 and 𝑆𝑠 as shown in Fig. 104b. Track width is significantly influenced by laser 

power with negligible interaction from ℎ𝑑. The track width can be found to increase with a rise in 𝐿𝑝 

and flattening out at high laser powers. This flattening effect close to high 𝐿𝑝 can be interpreted as no 
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further variation in track width once the required energy for complete melting is reached. The track 

width reduced almost linearly as the laser-powered reduced from 350 to 320 W leading to the thinnest 

𝑡𝑤 at the lowest 𝐿𝑝 of 320 W. 

Overall, the Cu-W-Ag track width is primarily controlled by laser power and scan speed as shown in 

Fig. 104c with significant interaction effects between the two parameters where achieving the thinnest 

𝑡𝑤 required careful control over both 𝑆𝑠 and 𝐿𝑝. The largest track width was observed at high laser 

power and low scan speeds. Looking at the order of influence, the most significant terms on 𝑡𝑤 are the 

interaction effects of 𝑆𝑠 and 𝐿𝑝 in the order 𝐿𝑝𝑆𝑠 > 𝑆𝑠 > 𝐿𝑝 with the least influence from ℎ𝑑. This 

means that to generate a highly microporous Cu-W-Ag architecture informed by process parameters a 

higher scan speed and lower laser power that induces sufficient energy density for a thinner but fully 

melted track width is required. 

11.4.3.2. Influence on pore size 

The pore size of the Cu-W-Ag printed filters are characterised using the responses 𝑝𝑥 and 𝑝𝑦 referring 

to the overall size of the individual porous mesh. Fig. 105 shows that the pore geometry of laser melted 

samples are primarily dependent on the hatch distance (Fig. 105a and 105c) with no influence from 

scan speed or laser power (Fig. 105b and 105d). The dependency of 𝑝𝑥 and 𝑝𝑦 on ℎ𝑑 is also linear with 

the lowest and highest pore sizes relating to the lowest and highest ℎ𝑑 respectively. This response is 

expected as the key L-PBF parameter modulating the distance between two adjacent tracks is hatch 

distance. 
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Fig. 105. Influence of L-PBF process parameters on the pore size of printed Cu-W-Ag microporous mesh showing (a) the 

influence of 𝑆𝑠 and ℎ𝑑 on 𝑝𝑥 when 𝐿𝑝 is constant, (b) the influence of 𝑆𝑠 and 𝐿𝑝 on 𝑝𝑥 when ℎ𝑑 is constant, (c) the influence 

of 𝑆𝑠 and ℎ𝑑 on 𝑝𝑦 when 𝐿𝑝 is constant, (d) the influence of 𝑆𝑠 and 𝐿𝑝 on 𝑝𝑦 when ℎ𝑑 is constant. 

Neither the variation in 𝑆𝑠 or 𝐿𝑝 can introduce any significant changes in pore size, which was expected 

as the pore size is primarily dictated by the distance between two Cu-W-Ag tracks. The limited 

interaction between 𝑆𝑠 or 𝐿𝑝 can be further validated using Fig. 105b and 105c, where the trend in 

performance with varying 𝑆𝑠 and 𝐿𝑝 while keeping ℎ𝑑 constant has no effect. This results in an almost 

flat performance slope resulting in similar 𝑝𝑥 and 𝑝𝑦 despite the changes in 𝑆𝑠 or 𝐿𝑝. Overall, the most 

significant term dictating the Cu-W-Ag pore size are the first-order effects of ℎ𝑑.  

Having evaluated the influence of process parameters on both track width and pore sizes of 3D printed 

Cu-W-Ag, it’s clear that the interaction effects offer new possibilities in simplifying the AM of metal 

microporous architecture. Furthermore, targeted porosity and pore size can be achieved by carefully 
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modulating the process parameters allowing ease of customisability, and scalability. Since the 

interaction and influence of all three L-PBF process parameters on the microporous architecture have 

been established, the next step is to derive the most optimal parametric combination using the surrogate 

model to print an ultrafine Cu-W-Ag microporous mesh ready for antiviral testing. Based on the analysis 

so far it is clear that a highly porous architecture can be developed by minimising 𝐿𝑝, increasing 𝑆𝑠 and 

reducing ℎ𝑑 resulting in thinner tracks as close as possible but not so close as to introduce track 

interaction and a potentially dense part. 

11.4.4. Optimum Cu-W-Ag microporous filters 

Although the influence of the process parameters on the characteristics of printed Cu-W-Ag have been 

established, the optimum combination of parametric values that leads to an optimum microporous 

architecture are still unknown. Accordingly, a problem description targeting the ideal characteristics of 

the Cu-W-Ag microporous architecture is required to generate an optimum filter. This is completed 

through the development of a multi-objective description of the optimisation problem. An optimum Cu-

W-Ag microporous filter should be able to provide a large surface area while featuring stable and 

consistent tracks. In other words, the optimised structure should allow for the smallest 𝑝𝑥 and  𝑝𝑦 

without producing a dense structure while exhibiting the thinnest stable track width (𝑡𝑤). A balance of 

these three parameters will allow the Cu-W-Ag mesh to generate a microporous architecture with a 

small pore size but with large overall porosity and therefore large contact area to allow a maximum 

surface for antiviral activity. Therefore, the objectives were to minimise 𝑝𝑥 and 𝑝𝑦 (to a positive integer 

that is not zero) while also minimising 𝑡𝑤. The resulting optimisation problem can be formulated as 

shown in Eq. (6): 

{
 
 
 
 

 
 
 
 

 
𝑀𝑖𝑛𝑖𝑚𝑖𝑠𝑒 𝑡𝑤 = 𝑓1(ℎ𝑑 , 𝑆𝑠 , 𝐿𝑝)

𝑀𝑖𝑛𝑖𝑚𝑖𝑠𝑒 𝑝𝑥 = 𝑓2(ℎ𝑑 , 𝑆𝑠, 𝐿𝑝)

𝑀𝑖𝑛𝑖𝑚𝑖𝑠𝑒 𝑝𝑦 = 𝑓3(ℎ𝑑 , 𝑆𝑠, 𝐿𝑝)
 

𝑠. 𝑡    0.14 ≤ ℎ𝑑 ≤ 1
𝑠. 𝑡      250 ≤ 𝑆𝑠 ≤ 500
𝑠. 𝑡   320 ≤ 𝐿𝑝 ≤ 370

 

 (6)  
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The optimisation is carried out using the response method called desirability as described by Myers et 

al. [313]. The method makes use of an objective function, 𝐷(𝑋), called the desirability function. It 

reflects the desirable ranges for each response (𝑑𝑖). The desirable ranges are from zero to one (least to 

most desirable, respectively). The simultaneous objective function is a geometric mean of all 

transformed responses as shown in Eq. (7): 

𝐷 = (𝑑1 ⋅ 𝑑2 ⋅ … ⋅ 𝑑𝑛)
1
𝑛 = (∏𝑑𝑖

𝑛

𝑖=1

)

1
𝑛

 (7)  

where n is the number of responses in the measure. If any of the responses or factors fall outside their 

desirability range, the overall function becomes zero. 

For simultaneous optimisation, each response must have a low and high value assigned to each goal 

which is represented by Eq. (6) solved using the desirability approach where Fig. 106 displays the 

results as a function of desirability objective concerning the design parameters considered. It appears 

that the optimal solution at the highest desirability (0.95) lies close to the maximum scan speed, 

minimum laser power, and at a hatch distance around 0.4 mm as shown in Fig. 106a. 

 
Fig. 106. The desirability of the optimum solution for the Cu-W-Ag microporous architecture against the L-PBF process 

variables showing (a) the effect of scan speed and hatch distance at a laser power of 320 W (b) the effect of scan speed and 

hatch distance at a laser power of 340 W and (c) the effect of scan speed and hatch distance at a laser power of 360 W. A 

desirability contour of 0.0 and 1.0 refers to the least and most optimum solution respectively that can be achieved between the 

parametric L-PBF process ranges considered. 

It should be noted that although the desirability criteria for minimising the pore size is given this value 

should be slightly above the powder dimensions. This was set to prevent the powder particles from 
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getting stuck in the pores leading to a dense part. As can be seen from Fig. 106b, despite keeping the 

other parameters constant increasing the laser power decreases the desirability. Overall, the lowest 

desirable solution is at the lowest scan speed, hatch distance, and highest laser power as shown in Fig. 

106c. table 22 shows one of the parametric combinations that offer the highest desirability that was used 

to fabricate the Cu-W-Ag microporous architecture for antiviral testing. 

Table 22. Optimal process parameter combination predicted for Cu-W-Ag microporous mesh by the surrogate model. 

Number 𝒉𝒅 (mm) 𝑺𝒔 (mm/s) 𝑳𝒑 (W) Desirability 

1 0.4 500 320 0.95 

Based on the predicted process parameters, Cu-W-Ag samples were manufactured (Fig. 107a), and 

XCT (Fig. 107b) evaluation carried out as shown in Fig. 107. XCT was used to analyse sample 

morphology with 3D visualisations displayed in Fig. 107b indicating relatively dense material (high X-

ray absorption) at the tracks. The L-PBF parametric combination was able to deliver a stable Cu-W-Ag 

porous architecture. 

 
Fig. 107. Manufactured optimum Cu-W-Ag microporous filters based on process parameter combination predicted by the 

surrogate model where (a) is manufactured antiviral samples and (b) is XCT 3D visualisation of microporous morphology. 

A density gradient was observed around the pores with a clear porous architecture displaying an average 

pore size of around 80 µm. Any further reduction in pore size runs the risk of feedstock powder particles 

becoming embedded in the porous architecture creating a dense part. This suggests the potential limits 

for this material composition, powder particle size, and L-PBF laser spot size. The material around the 

pores can be seen to be uniformly dense throughout the part as shown in Fig. 107b validating the 

suitability of the process parameters. Overall, the results from the experimentally measured optimum 
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Cu-W-Ag microporous mesh in comparison to the surrogate model were in good agreement as shown 

in table 23. 

Table 23. Confirmation runs for optimum Cu-W-Ag microporous structure. 

Item 𝒕𝒘(𝝁𝒎) 𝒑𝒙(𝝁𝒎) 𝒑𝒚(𝝁𝒎) 

Surrogate 292 77 84 

Actual 301 80 80 

% difference 3.0% 3.9% 4.8% 

The surrogate model underestimated the track width and pore size in 𝑥 by 3% and 3.9% respectively. 

For the pore size in 𝑦, the surrogate model overestimated the prediction by 4.8% in comparison to 

experimentally measured results. Overall, the results show that the Cu-W-Ag microporous mesh is the 

best achievable using the powder characteristics considered. As such, any further refinement in the 

porous architecture requires finer feedstock powder. Accordingly, the optimised porous architecture 

was used for antiviral evaluation to characterise its performance against the SARS-CoV-2 viral model 

to evaluate its suitability for a porous mask filter prototype. 

11.4.5. Antiviral performance against SARS-CoV-2  

The optimised Cu-W-Ag microporous mesh was evaluated against the biosafe viral model of SARS-

CoV-2 and the results are summarised in table 24. Visual data of the experiments were collected after 5 

hours of contact with the phages as shown in Fig. 108. As expected, the commercial filter used as 

reference material (Fig. 108c) and the control sample (Fig. 108b) resulted in no antiviral activity under 

identical experimental conditions (~0% of antiviral activity). In comparison, the 3D printed Cu-W-Ag 

microporous filters showed strong antiviral activity (100% of viral inhibition) after 5 hours of contact 

as shown in Fig. 108a. After 5 hours of contact, no plaques can be observed.  
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Table 24. Titration after double-layer assay. Titer in PFU per ml of control, commercial face mask filters, 3D Cu-W-Ag 

filters, and % antiviral activity at 5 hours with respect to control. 

Sample 
Titer (PFU/mL) at 5 

hours 

% Antiviral 

activity at 5 

hours 

Control 4.56×106 ±3.97x105 - 

Commercial face 

mask filter 
4.48×106±3.66x105 ~0.1% 

Printed Cu-W-Ag 

filter 
0 100% 

 

 

Fig. 108. Loss of phage phi 6 viability measured by the double-layer method at 10-1 dilution: (a) phages in contact with Cu-

W-Ag filter for 5 hours, (b) control sample (phage not treated with any filter) for 5 hours and (c) phages in contact with the 

commercial filter used as reference material for 5 hours.  

The phage titer of each type of filter was compared with the results obtained by adding 50 μL of phage 

to the bacteria without being in contact with any sample and without performing sonication-vortex 

(control) to determine the antiviral activity (%) of the samples by applying Eq. 8 (see results in 

table 26), where Titer is expressed in PFU/mL. table 26 shows when the viruses are in contact with the 

printed Cu-W-Ag filters for 5 hours, a strong viral inactivation is produced (100%) in comparison to 

the control and commercial face mask filter samples.  

% 𝐴𝑛𝑡𝑖𝑣𝑖𝑟𝑎𝑙 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =  100 −
log(1 + 𝑇𝑖𝑡𝑒𝑟)𝑠𝑎𝑚𝑝𝑙𝑒

log(𝑇𝑖𝑡𝑒𝑟)𝑐𝑜𝑛𝑡𝑟𝑜𝑙
100 

 

(8)  

11.4.6. Cu-W-Ag anti-SARS-CoV-2 proof of concept prototype 

Having established optimum L-PBF parameters and the antiviral effectiveness of Cu-W-Ag 

microporous architecture, an initial proof-of-concept was conceived under dimensions satisfying the 

‘copper3D’ open-source model shown in Fig. 109. The global dimensions of the novel Cu-W-Ag 

(a) (b) (c) 
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antiviral filter were conceived to fit the open-source Copper3D mask as shown in Fig. 109c. To achieve 

this the pre-processing is simplified through the machine-centric algorithmic approach described using 

the multi-objective design criterion. 

 
Fig. 109. The global dimensions of the Cu-W-Ag antiviral filter were designed to fit the Copper3D open-source 3D printable 

mask. (a) A representative example of how the mask fits on the face, (b) showing the exploded assembly view with various 

compartments, and (c) the global dimensions of the porous Cu-W-Ag antiviral filter conceived in this study. The authors chose 

to mimic the replaceable filter from the Copper3D open-source mask as the antiviral filter can be manufactured using the 

procedure mentioned in this chapter ready for further testing. 

The printed samples were informed by the optimised process parameters developed and resulted in an 

identical process architecture as shown in Fig. 110. It is important to note that the research presented 

has numerous applications and this is only one potential application. Furthermore, a microporous 

architecture such as the one developed in this research is highly complex if traditional CAD pre-

processing is required. As such the technique confirms the potential for the redistributed manufacturing 

of antiviral Cu-W-Ag microporous architecture without the need for a porous CAD informing the L-

PBF process. Overall, this research is not aimed at developing a final product, rather a first step in 

examining the potential of using process informed antiviral microporous materials that can be 3D 

printed on demand. It is expected that the project will initiate new thinking which fellow researchers 

can adapt and improve to develop functional biomedical and antiviral surfaces and biomaterials. 

(a) (b) (c) 

Y: 44 mm 

Z: 2 mm 

X: 44 mm 
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Fig. 110. 3D printed Cu-W-Ag SARS-CoV-2 antiviral microporous filters developed using the L-PBF process informed 

technique suitable for the open-source Copper3D mask. (a) Four filter samples as built on a copper substrate (b) one filter 

removed from the build platform using EDM showing the microporous architecture.  

In addition, further research is necessary to demonstrate suitable breathability and bacterial filtration 

efficiency required for their mass production and commercialization according to the European 

standard for community face coverings (CWA 17553:2020).  

11.5. Future research 

Previous epidemics have expanded human knowledge resulting in techniques to combat pathogenic 

infectious diseases [314]. However, at the time of writing (Dec. 2020) the COVID-19 pandemic had 

reported 54 million cases with more than 1 million confirmed deaths globally [315]. The international 

crisis has highlighted the continued danger to human health and world economies from emerging novel 

respiratory virus infections [316,317] but also the requirement for future pandemic preventative 

measures. Additionally, antibiotic resistance is known to be increasing and therefore alternative 

antimicrobial techniques are required. As discussed, antimicrobial materials offer the potential for 

antibacterial [143], antifungal, and antiviral applications [141] and could offer the potential to be 

tailored to combat specific pathogenic infectious diseases due to the various antimicrobial mechanisms. 

However, the exact mechanisms for antimicrobial properties are yet to be fully understood and more 

research is required. In this respect, metallic ion release and the effect on antimicrobial mechanisms 

should be an area of future investigations.   

20 mm 

(a) (b) 
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Furthermore, the redistributed manufacturing methodology proposed in this study reports the potential 

for the removal of transportation and supply chain constraints and therefore the antimicrobial effects of 

currently readily available 3D printing materials should see further investigations. Combining the 

digitalisation of antimicrobial materials and components through redistributed 3D printed 

manufacturing offers significant potential for future fabrication of antiviral surfaces, wound dressings, 

pin site infections, and face visors and masks. 

11.6. Summary 

This chapter proposes a redistributed manufacturing methodology to 3D print Cu-W-Ag anti-SARS-

CoV-2 material and microporous morphology. The addition of W and Ag as alloying elements to Cu is 

established for the first time resulting in superior antiviral properties compared to Cu coated stainless 

steel which resulted in 99.2% virus inactivation after 5 hours. The L-PBF process informed 

methodology allows 3D printing to be carried out close to the end-user by simplifying the need for 

complex CAD pre-processing that transcends current supply chain limitations. The methodology 

reduces the requirements for data-intensive, complicated, and time-consuming CAD while removing 

the potential for manufacturing errors from geometry, support, and slicing software through L-PBF 

process parameter methodology. This is achieved through the development of a surrogate model 

resulting in optimum L-PBF processing parameters for Cu-W-Ag. It was found that the most significant 

parameters for Cu-W-Ag track width were the interaction effects of scan speed (𝑆𝑠) and laser power 

(𝐿𝑝) in the order 𝐿𝑝𝑆𝑠 > 𝑆𝑠 > 𝐿𝑝. For pore size (𝑝𝑥 and 𝑝𝑦), hatch distance (ℎ𝑑) has the most significant 

effect. The optimised Cu-W-Ag microporous materials showed 100% viral inactivation against the 

Pseudomonas phi 6 phage used as enveloped RNA viral model of SARS-CoV-2. As such Cu-W-Ag 

microporous material is suitable to reduce surface contamination and the spread of COVID-19. As the 

pandemic evolves, various situations are likely to appear unpredictably where carefully conceived 3D 

printed antiviral materials can achieve superior solutions. Although the focus was on developing the 

Cu-W-Ag antiviral material, the design and analysis philosophy conceived in this study allows the 

potential for further developing novel antimicrobial biomaterials that can be digitally transported and 

manufactured on demand. This work is the first to propose an application-specific redistributed 
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manufacturing methodology and antiviral material combination offering a new direction for 3D printing 

functional materials. 
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Chapter 12 Conclusions and future work  

This thesis investigated the feasibility of successful L-PBF processing of high purity Ag and Cu using 

a standard 400W AM system. Contrary to the currently agreed understanding that L-PBF processing of 

highly reflective metals such as Ag and Cu require high (>500W) powered lasers this thesis first 

develops L-PBF processing parameters for successful Ag and Cu fabrication. Consequently, the 

resultant mechanical, thermal, electrical, and antimicrobial properties of L-PBF manufactured Ag, Cu 

and Cu-Ag alloys are evaluated and established.  

12.1.  Main findings of the research 

The main findings of this research are summarised throughout the chapters of this thesis with the main 

findings in relation to achieving the aims and objectives of this research further summarised as follows:  

12.1.1.  Feasibility of L-PBF processing Ag and Cu 

o Atomised Ag and Cu powder feedstock display desirable morphology and PSD for L-PBF 

processing.  

o Scan speed and hatch distance parameters were shown to have a significant effect on pore defect 

creation, morphology, and distribution within L-PBF Cu and Ag structures.  

o Porosity morphology, content and distribution varied significantly as energy density at the 

powder bed was altered through parameter adjustment. 

o L-PBF Ag exhibits evenly distributed irregular morphology porosity associated with lack of 

fusion pores while L-PBF Cu exhibited spherical morphology porosity associated with gas 

entrapment pores which were isolated to certain regions. Improved packing density and further 

process parameter development work would be required to improve Ag density however the 

cost of the feedstock material limits its use. Cu density improvements would require improved 

packing density through lower PSD and/or process optimisation.  

o L-PBF processing high purity Ag and Cu utilising 400W L-PBF AM is feasible although 

relatively higher energy density at the powder bed is required.  



181 

12.2.1. Mechanical performance 

o L-PBF Ag exhibited higher failure strain yet significantly lower yield strength and UTS in 

comparison to L-PBF Cu. Cu processed in this study exhibited a yield strength of 161.04 MPa 

and UTS of 197.1 MPa which is 109% and 59% higher in comparison to Ag at 77.1 MPa and 

124.9 MPa.   

o L-PBF Cu had comparable yield strength (161.04 MPa) to commercially available EOS CuCrZr 

(160 MPa) and EOS CuCP (165 MPa) however exhibited a 11% reduction when compared to 

EOS Cu (180 MPa). Contrastingly L-PBF Cu had comparable UTS (197.1 MPa) with EOS Cu 

(200 MPa) but exhibited a reduction in UTS of 16% and 6% relative to EOS CuCP and EOS 

CuCrZr.  

o Ag addition in Cu increased yield strength and UTS significantly with all Cu-Ag alloys 

outperforming Ag, Cu and all commercially available Cu materials evaluated.  

o CuAg10% reported yield and UTS performance of 223.5 MPa and 277.7 MPa respectively. 

These values were 39% and 41% increases in comparison to L-PBF Cu.  

o 20% Ag addition saw increases of 75% and 72% from Cu to a yield strength and UTS of 275.5 

MPa and 339.8 MPa.  

o 30% Ag addition exhibited 105% and 94% higher yield strength and UTS.  

o CuAg10% exhibits 24%, 35% and 40% higher yield strengths in comparison to commercially 

available Cu, CuCP and CuCrZr while UTS values were 39%, 18% and 32% higher.  

o CuAg20% exhibits 53%, 67% and 72% higher yield strengths in comparison to commercially 

available Cu, CuCP and CuCrZr while UTS values were 70%, 45% and 62% higher.  

o CuAg30% exhibits 84%, 100% and 106% higher yield strengths in comparison to commercially 

available Cu, CuCP and CuCrZr while UTS values were 91%, 62% and 82% higher.  

12.2.1.  Thermal performance 

o L-PBF Ag significantly outperformed L-PBF Cu and Cu-Ag alloys regarding thermal 

diffusivity performance.  

o Ag exhibited 70% higher thermal diffusivity performance in comparison to Cu. 
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o Ag addition displayed minimal increases in thermal diffusivity values from Cu.  

o Ag content from 10% to 30% displayed a maximum 0.8% variation in thermal diffusivity.  

o Maximum variation between Cu and any Cu-Ag alloy was 6.2% increase in thermal diffusivity.  

12.2.2.  Electrical performance  

o For Cu higher layer packing density dictated by lower feedstock PSD had a significant positive 

effect on sample density and electrical performance. 

o The electrical performance of Cu-Ag alloys does not correlate directly with electrical 

performance.  

o Comparative densities of 72.8% (Cu), 86.9% (Cu-Ag10), 84.4% (Cu-Ag30) and 85.2% (Ag) 

are reported with Ag electrical performance exceeding Cu and both Cu-Ag alloys by 7.4%, 

8.3% and 6.9% respectively.  

o For Cu-Ag alloys electrical performance is restricted by Cu-Ag interfaces negatively effecting 

electron conduction through dislocation density and scattering mechanisms.  

o Hard blade recoating and single laser exposure strategies displayed additional improvements in 

density with increases of 2.8% and 2% IACS electrical conductivity for Cu when compared to 

soft blade recoating and double laser exposure strategies.  

12.2.3.  Antibacterial performance  

o L-PBF Ag scaffolds not only inhibited bacterial growth but showed a 99.9% kill of the most 

common implant infection-causing Staphylococcus aureus in 14 hours.  

o L-PBF is suitable to fabricate porous Ag bone scaffolds with promising antibacterial efficacy. 

o L-PBF manufactured Ag bone scaffolds exhibited the yield strength and elastic modulus in the 

range of 44.58-10.16 MPa and 1.86-0.13 GPa.  

o With a yield strength of 44.58 MPa, an elastic modulus of 1.86 GPa and a ductile deformation 

mechanism at 68% porosity L-PBF Ag scaffold exhibits mechanical properties that are in the 

range of cancellous bone.  
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12.2.4.  Anti-SARS-CoV-2 performance  

o The addition of W and Ag as alloying elements to Cu results in superior antiviral properties 

compared to Cu coated stainless steel which resulted in 99.2% virus inactivation after 5 hours.  

o The optimised Cu-W-Ag microporous materials showed 100% viral inactivation against the 

Pseudomonas phi 6 phage used as enveloped RNA viral model of SARS-CoV-2. As such Cu-

W-Ag microporous material is suitable to reduce surface contamination and the spread of 

COVID-19.  

12.3. Implications of the research 

18 months since the WHO announced the global pandemic the COVID-19 pandemic continues to 

disrupt global economies and at time of writing (November 2021) many European countries are again 

implementing movement and travel restrictions due to a fourth wave of COVID-19 infections. 

Simultaneously, international leaders are gathered at COP26 to discuss global emissions and tackling 

climate change challenges. With little consensus the post pandemic future will require increased efforts 

in combating global warming and healthcare challenges to develop a sustainable, healthier, safer, and 

greener future. It is understood that innovations in healthcare, materials science, sustainable 

manufacturing, and green energy solutions will be required for the ambitious global goals and as such 

the Horizon Europe (2021 – 2027) programme approved in April 2019 has agreed a €1B package to 

reshape its future through a research and innovation vision [318] while in March 2020 the UK 

announced a public investment commitment of £22B per year for R&D by 2024/25. Agreed investment 

areas include health innovations, key digital and enabling technologies, hydrogen and sustainable 

energy storage and clean connected mobility.  

Additionally, combining the benefits of L-PBF and thermally conductive Ag and Cu is driving new and 

improved applications such as electrical machine coil windings and thermal management for numerous 

applications such as quantum computing cryogenic cooling, electrical inverter cooling, battery electric 

vehicle heating and cooling among others. As AM material and process development continue to push 

the boundaries of emerging software and hardware technologies the L-PBF processing of Cu and Ag 
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offers the potential for superior device and system design and manufacture for on demand and 

personalised manufacturing of healthcare innovations and green energy solutions. 

12.3.1.  Research impact 

The successful L-PBF processing of Cu and Ag demonstrated in this thesis offers the potential start 

point for superior materials for efficient thermal, electrical, and antimicrobial devices and systems and 

is already gathering academic and industry interest being featured in numerous local and international 

press articles and leading to academic and industry collaborations, Innovate UK applications, patent 

discussions and Knowledge Transfer Partnerships (KTP’s) all directly related to L-PBF processing high 

purity Ag and Cu. 

12.3.1.1. Press coverage  

The research reported in this thesis has been featured internationally in the following industry outlets 

also being translated into Persian and French. 

o Metal AM magazine 

o TCT magazine 

o The Engineer 

o 3D Printing Media Network 

o 3D Natives 

o Shropshire Star 

o Express and Star 

o Laser Systems Europe 

o Institute of Materials, Minerals and Mining  

o Wohlers Report 2020.  

o MatRes.ir.  

o Eureka Magazine  
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12.3.1.2. Academic collaborations  

The research presented in this thesis has led to numerous academic collaborations related directly to 

L-PBF processing Ag and Cu for thermal, electrical, and antimicrobial applications.  

o University of Wolverhampton, School of Biology - L-PBF pure Ag scaffold publication  

o University of Bristol - L-PBF for electrical machine applications publication  

o University of Bath - Ongoing collaboration discussions  

o Catholic University of Valencia - Anti-SARS-CoV-2 publication CoCrMo publication 

o University of Cambridge - AceOn Innovate UK application L-PBF for EV fast battery 

charging  

12.3.1.3. Industry collaborations  

Continued industry engagement and research presented in this thesis has recently resulted in industry 

collaborations initiating Innovate UK applications and patent discussions with potential for research 

commercialisation. 

o AceOn - x2 Innovate UK bids and x1 KTP based on L-PBF of Cu and Ag.  

o Linde Group - ADDvance O2 reduced oxygen for L-PBF processing Cu. 

o EOS - Pulse laser modulation for heatsink applications.  

12.4.  Limitations of the research  

The digital nature of AM and the interconnectivity of material feedstock, L-PBF build set and process 

variables and resultant material and component performance requires a holistic investigatory approach. 

Therefore, the research presented in this thesis combined multiple topics where material, process, and 

application were all considered to assess the feasibility of L-PBF processing Cu and Ag. As a result of 

this holistic approach the research experienced numerous limitations that should be considered.  

o L-PBF material feedstock is relatively expensive in comparison to more traditional 

manufacturing technologies. Therefore, sourcing enough powdered (particularly silver) 

feedstock to fill the powder bed was an ongoing challenge throughout this research.  
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o Although Ag distribution within Cu-Ag alloys appears homogeneous powder mix and 

fabricated components more work in regard to powder atomisation and alloying is suggested. 

o Further research and investigation are required in respect of composition, resultant 

microstructures, L-PBF processability and repeatability alongside material performance 

properties for specific applications such as fatigue and elevated temperatures.  

o Relatively slow scan speeds were required throughout the manufacturing in this thesis and 

therefore the L-PBF parameters developed will be less economically viable should they be used 

in production environments.  

12.5.  Future research 

L-PBF processing of Ag and Cu offer much potential for enhanced mechanical, thermal, electrical and 

antimicrobial applications as demonstrated in this thesis with future research directions discussed in 

sections 6.4, 7.3 and 11.6. Overcoming L-PBF Cu and Ag processing challenges is already allowing 

the development of superior performance alloys [68] windings for electric motors [74], rocket launchers 

and heat sinks [319]. Additionally, recent developments in CAD and simulation techniques, design tools 

[93,202], custom materials [5,203] and AM technologies [204,205] offer significant prospects for 

superior performance components for space, green energy, aerospace and automotive sectors [114]. A 

recent review [216] studied the benefits and limitations of processing pure Cu highlighting the potential 

for combining the benefits of Cu and L-PBF complex component fabrication on various applications 

such as heat exchangers, induction heat coils and radio frequency cathodes [216]. L-PBF AM will 

therefore allow the fabrication of custom shape and custom volume conductor designs with desirable 

incorporated features such as cooling channels for electrical machine thermal management. 

Additionally, although in its infancy multi-material L-PBF is seeing increasing interest due the 

capability of applying material specific properties where required for optimum application solutions 

[320]. Accordingly, two proof of concept solutions were investigated to highlight the potential for future 

research utilising a 400W standard laser L-PBF system and Cu and Ag feedstock.  
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12.5.1. Cu coil winding and TPMS heat sink proof of concept manufacture 

Shaped profile coil winding geometries and Cu L-PBF process parameters developed by the authors in 

this thesis [74] were used to assess the feasibility of L-PBF pure Cu winding fabrication. Fig. 111 

displays proof of concept shaped profile coil windings fabricated from high purity Cu using a 400 W 

standard laser L-PBF system.  Additionally, a Triply Periodic Minimal Surface (TPMS) heat exchanger 

structure was incorporated into the coil winding design to demonstrate the potential for incorporated 

thermal management.  

 

Fig. 111. Examples of pure Cu coil winding and incorporated triply periodic minimal surface heat exchanger samples where 

(a) displays the coil winding structure and (b) displays heat exchanger with internal TPMS structures. 

12.5.2. Cu and Ag multi-material coil winding and TPMS heat exchanger 

Multi-material L-PBF processing is seeing increasing interest due to superior performance and 

improved cost potential [320]. However challenges such as powder reuse and recyclability [321], multi-

material process parameters development [322] and material interface performance still need to be 

addressed. Nevertheless, as multi-material technologies continue to develop it is anticipated that future 

product manufacture could allow engineers and designers to dictate specific material composition where 

required for specific properties. Accordingly, multi-material L-PBF processing was applied to the coil 

winding and heat exchanger design (Fig. 111) to assess the feasibility of optimum mechanical, electrical 

and thermal performance. This thesis reports the enhanced thermal performance of pure Ag in 

comparison to pure Cu and Cu-Ag alloys. Enhanced strength of Cu-Ag in comparison to pure Cu and 

pure Ag and the higher electrical performance of pure Cu in comparison to pure Ag and Cu-Ag alloys. 

Therefore, proof-of-concept multi-material coil windings with incorporated TPMS heat exchanger 

(a) (b) 
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geometries were fabricated from pure Cu, pure Ag and Cu-Ag30 alloy as displayed in Fig 112. For 

optimum performance each section of the coil winding and heat exchanger geometry required the 

optimum material at each specific region. Therefore, coil winding geometries were fabricated using the 

material with highest electrical performance (Cu), heat exchanger body was fabricated from the material 

with highest thermal performance (Ag) and heat exchanger connections were fabricated from Cu-Ag 

due to the potential requirement for additional strength. 

 

Fig. 112. As built on build platform multi-material pure Cu, pure Ag and Cu-Ag coil winding and triply periodic minimal 

surface cross sectioned heat exchanger samples where (a) displays right view, (b) left view, (c) rear view and (d) front view. 

The research presented in this thesis offers a start point for multiple future research directions related 

to Cu and Ag materials, L-PBF processing novel materials and thermal, electrical, and antimicrobial 

applications across sectors including healthcare, energy, automotive and aerospace. However, 

limitations in microstructural analysis and repeatability could be an area of further research to further 

understand and develop the research presented in this thesis. Furthermore, the continuing climate crisis 

and COIVID-19 pandemic have highlighted the requirement for future green solutions and pandemic 

preventative measures to mitigate energy and healthcare challenges where on demand manufacture 

through AM offers much potential. Accordingly, future research will include: 

o L-PBF Cu and Ag for EV battery cooling and impact protection 

o L-PBF Cu for superior performance electrical windings 

o L-PBF antimicrobial materials for on demand manufacture  

o Sustainable manufacturing through L-PBF next generation laser optics 

o Machine learning for L-PBF  

 

 

(a) (b) (c) (d) 
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