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Abstract  

 

Additive Manufacturing (AM) sits at the forefront of technologies that offer 

unprecedented capabilities to lead a new industrial revolution. The higher degrees of 

complexity and flexibility in manufacturing intricate structures whilst maintaining 

accuracy and precision is one of the key selling points of AM technologies. Drop-on-

demand metal jetting (DoD-MJ) is a promising additive manufacturing technique, 

gaining interest for its direct high-resolution printing of complex single and multi-

material components. It also has key advantages over other metal AM techniques, such 

as avoiding powder handling and extensive post-processing. DoD-MJ processes are 

categorised based on the droplet generation actuation method. 

MagnetoHydroDynamic (MHD) actuators are the most advanced devices to date that 

have overcome the challenges of producing high-temperature droplets at high rates. 

MetalJet, the MHD-based system used in this thesis, has the capacity to produce 

molten micro-droplets (60–90 µm) at temperatures up to 2000 °C to form single and 

multi-material objects at 500 Hz. Applications for this technology include flexible 

circuits, advanced electronic components, intricate 3D mesoscale objects, and 

biotechnologies. In this method, 3D parts are built via spatially controlled deposition 

of individual molten droplets onto a substrate. Therefore, the success of the process 

entirely depends on the behaviour of these single droplets from deposition to 

solidification.  

Owing to its novelty, further utilization of this technology is impeded to date by a lack 

of understanding of various aspects of the process, including droplet generation and 

interface formation, residual stress development and microstructure evolution, which 

have been scarcely investigated to date. This thesis uses an integrated numerical, 

experimental, and analytical approach to provide insights into these research 

questions. The in-house MetalJet platform was used to investigate formation, 

spreading, and solidification of metallic micro-droplets at low Weber numbers. This 

was undertaken by ejection and deposition of single and multiple droplets of low (Sn) 

and high-temperature (Ag and Cu) metal onto various substrates using a range of 
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jetting and substrate temperatures. High-speed photography provided insight into the 

mechanism of droplet generation. Analytical modelling based on the scaling method 

was performed to investigate the dynamics of droplets on deposition. Thermal Finite 

Element (FE) models were used alongside to explain the experimentally-observed 

morphology of droplets and investigate the droplet-to-substrate and droplet-droplet 

adhesion. Moreover, thermo-mechanical FE modelling was used to study the residual 

stress evolution during the solidification and cooling processes, and investigate its role 

in the observed droplet warping and delamination. Furthermore, various 

characterisation techniques, including FIB-SEM, EDX, EBSD, and TEM, were used 

to evaluate the microstructure of printed droplets.  

For the first time, the generation mechanism of uniform microdroplets at high 

temperatures and the role of jetting voltages are explained in this thesis. Moreover, 

this study reports that increasing the substrate temperature intensified the diffusion 

between the droplet and substrate, which resulted in improved adhesion. It is also 

shown that ripples forming on a droplet’s periphery during solidification disappeared 

at elevated substrate temperatures, resulting in enhanced inter-droplet bonding. 

Furthermore, the significant role of the substrate wettability and thermal properties, 

which control the droplet’s dynamics and solidification behaviour, respectively, is 

elucidated. This highlights the importance of the substrate material selection for this 

technology. It is demonstrated that the steep temperature gradients during deposition 

result in residual stresses, and if they exceed the elastic limits of the material, stress-

induced delaminating can occur. Finally, results presented in this thesis underpin the 

optimal process conditions under which the 3D structures produced with this 

technology can exhibit reliable integrity and consistency. Overall, the works represent 

a step forward towards the direct metal printing of high-resolution functional multi-

material components. 
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1. Introduction 

 

 

 

Manufacturing, the process of transforming raw materials into goods or products that 

are ready for use by the respective consumers, is constantly evolving to cope with the 

growing product demand. There are several forms of manufacturing processes, where 

additive manufacturing (AM) is one of the most recent categories and has 

revolutionized the production industry in the past decades. AM, also known as 3D 

printing, is a method of directly fabricating 3D structures by additively depositing 

material in a pixel-by-pixel or layer-by-layer fashion [1]. ASTM (American Society 

for Testing and Materials), defines Additive Manufacturing (AM) as “a process of 

joining materials to make objects from 3D model data, usually layer upon layer, as 

opposed to subtractive manufacturing methodologies” [2]. The higher degrees of 

complexity and flexibility in manufacturing intricate structures whilst maintaining 

accuracy and precision is one of the key selling points of AM technologies. AM is 

often a more sustainable manufacturing process since it can create products with 

increased efficiency and reduced wastage of material [3]. AM parts are already used 

in various industrial and academic fields, yet it is expected that it will increasingly 

affect and be relevant to global businesses as the credibility of AM increases. 
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Metal jetting, also known as liquid metal jet printing, is a nascent additive 

manufacturing (AM) technology that has the potential to fabricate metallic 

components, both single and multi-material, at a resolution not achievable with the 

more common metal additive manufacturing techniques. The metal jetting approach 

primarily consists of dispensing and depositing individually-controlled droplets of 

molten metal onto a substrate at precise locations. From an operational perspective, 

there are similarities between metal jetting and micro-casting, spray shape deposition 

manufacturing (SDM) [4], and thermal spraying [5]. However, the control over the 

size of droplets, jetting speed and the precision of manufacturing set metal jetting apart 

from these other processes. 

Metal jetting has advantages over other AM technologies, such as Laser Powder Bed 

Fusion (L-PBF), Directed Energy Deposition (DED), and binder jetting, due to the 

higher resolutions, improved surface quality [6], and simplified fabrication approach. 

This simplicity is granted by the wide availability of potential feedstock materials [7], 

no residual impurities, elimination of the need for pre-processing, such as powder 

handling, and post-print processing, such as polishing or grinding, to achieve an 

acceptable surface finish. Importantly, compared with conventional L-PBF and DED 

processes, metal jetting has the potential for almost entirely waste-less multi-material 

3D printing of metal parts. In addition, the extended degree of freedom in metal jetting 

promises new avenues in fabricating functional multi-material metallic devices.  

Metal jetting shows promise for many sectors, such as printing of 3D electronic 

circuits, advanced microelectronic components [8]–[10], complex 3D mesoscale 

objects [11], biotechnologies such as orthopaedic implants [12], metal 3D printing in 

space [13]–[16], and producing directional terahertz radiation [17]. The vision for 

multi-metal jetting is to produce parts using various materials according to the local 

requirements within a single printed object. The multi-metal printing paves the way to 

additively manufacture batteries, thermocouples, and objects with locally customized 

electrical resistance, chemical reactivity or microstructures.  

In metal jetting, molten material is ejected in either a continuous or drop-on-demand 

(DoD) fashion. In the DoD method, well-defined droplets are expelled from a nozzle 

in a periodic or aperiodic controlled manner, resulting in a highly precise printed 
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component, making it advantageous compared to continuous jetting [18]. The various 

mechanisms of actuation in DoD printing include pneumatic [19]–[21], piezoelectric 

[6], [22], and Magneto-Hydro-Dynamic (MHD) actuators. The first two are either 

limited in the droplet size (>200 µm), frequency of droplet generation (<200 Hz), or 

to low melting point materials (<700 °C). The size of the droplets sets the resolution, 

the jetting frequency controls the manufacturing time, and most functional metals have 

high melting temperatures. Hence, the research to find a solution that fulfils these 

manufacturing objectives has been carried out up to recent years. The MHD technique 

[23]–[25] has been shown to overcome the limitation of droplet generation frequency 

seen in other DoD methods. MetalJet [11], [26], [27], a novel DoD metal jetting 

additive manufacturing technology based on the MHD principle, was the first to 

overcome the melting point and droplet size limitations, listed above, concurrently. 

The MetalJet printheads, originally patented by Océ (now Canon Production Printing) 

[28], produce micro metallic droplets (< 80 µm in diameter) of high temperature (up 

to 2000 °C), at frequencies up to 2 kHz. Due to the capability of MetalJet system to 

produce microdroplets of high melting metals, new avenues in the 

In metal jetting, regardless of the actuation system, objects are built in a repetitive 

droplet-by-droplet fashion, hence the precision and properties of components are 

dictated by the behaviour of the individual droplets (droplet-substrate and droplet-

droplet interactions). Due to the independent nature of the droplets upon impact until 

solidification, investigations on this process can be reduced to studying the 

characteristics of single droplets. These characteristics, including the droplet 

morphology, crystal structure and bonding to the substrate, or previously deposited 

droplets, are based on several factors, such as the thermo-physical properties of the 

feedstock material and substrate, the droplet and substrate temperatures, the size of 

droplets, the jetting velocity among others [29]. In order to obtain parts with high 

integrity, these parameters should be optimised. For this purpose, it is essential to 

acquire fundamental knowledge about the mechanism of the process through a 

detailed investigation of single droplet ejection and deposition in the first instance.  

Secondly, the deposition of multiple droplets, which dictates the parts integrity, should 

be investigated. Seemingly simple, these tasks are significantly challenging since 

several complex phenomena occur simultaneously during the ejection, deposition, and 
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solidification of liquid metal droplets onto a substrate [30]. Phenomena that need to 

be understood include the droplet’s dynamics, reactive wetting, multiphase and 

multimode heat transfer, and residual stress evolution.  Even though these parameters 

define the consistency and quality of the printed parts, they are still not well 

understood since the process is still in its infancy. This limits the optimisation of the 

process for particular applications and poses a challenge to the ultimate exploitation 

of the technology. The impact, spreading, solidification, and residual stress evolution 

of droplets during the transient stages of deformation and oscillation have been 

separately investigated in the state of art  [13], [31]–[39]. However, to the best of the 

author’s knowledge, only a limited number of studies have targeted the characteristic 

of molten microdroplets at low We numbers to-date [40]–[42]. 

This research aims to comprehensively understand the MHD metal jetting (MetalJet) 

process and explore the physical factors that govern the quality and properties of the 

net-shapes produced by the system. These factors include the temperature at the 

interfaces, which defines the level of bonding, the cooling rate, which is one of the 

key factors to control for a desired microstructural development, and the residual 

stresses, which may lead to distortion and/or de-bonding. This is achieved through an 

integrated experimental and computational approach. For this purpose, single and 

multiple droplets were deposited onto substrates using our experimental, non-

commercial MetalJet process and were characterised. In parallel, a computational 

model was established to predict the thermal evolution of the droplets and substrate, 

as well as the residual stress evolution during the deposition of single and multiple 

droplets. 

This thesis is structured as follows:  

• Chapter two summarises the literature in the area of interest, where the current 

study stands out, and how it fits in. Furthermore, the gaps in the current state 

of knowledge are highlighted. This leads to the definition of this research's 

specific aim and objectives.  

• Chapter three describes the materials and methods used in conducting the 

research. The details of the experimental and numerical work carried out over 

the course of this investigation are explained.  
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• Chapters four to seven present the results obtained throughout the current 

research work. Chapter four covers the characteristics of the droplets before 

impact, including the jetting stability, droplet’s diameter, speed, and trajectory; 

moreover, the droplets’ cooling in-flight is investigated.  

• Chapter five describes the behaviour of droplets from impact to solidification 

for Cu, Sn, and Ag through an integrated numerical, analytical, and 

experimental approach. Moreover, the effects of various process parameters 

on final droplets’ morphology, including surface roughness, droplet 

temperature, substrate temperature, and substrate material, are mentioned.  

• In Chapter six, the mechanism of interface formation between the droplet and 

substrate during the deposition of Cu, Ag, and Sn droplets is explained. 

Moreover, the effects of various process parameters on the level of adhesion 

are elucidated. 

• In Chapter seven, the interface formation at the droplet and substrate is 

discussed, and the effects of selected process parameters on the bonding are 

explained.  

• In the eighth Chapter, computational modelling is used to provide insight into 

the residual stress evolution during the solidification and cooling processes. 

Furthermore, several solutions to mitigate the level of residual stresses are 

investigated.  

• A general discussion is presented in chapter nine, where the research findings 

of the current study are elaborated on, and the significance and implication of 

this study are discussed.  

• Finally, the conclusions of this work are presented in chapter ten, where an 

outlook on the future developments work is proposed. 
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2. Literature Review 

 

 

 

The scope of this chapter is to provide a summary of the literature regarding various 

aspects of DoD-MJ. In the first section, various metal AM techniques are briefly 

described, and their advantages and limitations mentioned. This guides to the 

motivation of the research in the metal jetting area and is followed by a comprehensive 

literature review on the advances in the field to date. Various aspects of DoD 

depositions, including pre-deposition characteristics, droplet deposition behaviour, 

droplet deposition modelling, and printed structures' characteristics through this 

technology, are reviewed. Toward the end of the chapter, the gaps in the literature in 

the area of DoD-MJ that this thesis aims at approaching are elucidated.  

2.1. Metal additive manufacturing 

The physical and thermomechanical properties of metals make them more 

advantageous compared to other materials for many applications and, consequently, 

they are considered the most important engineering materials. AM technologies 

provide the possibility of fully exploiting this important class of materials at a reduced 

cost and waste to create intricate structures while eliminating the limitations of 

traditional fabrication techniques. Consequently, metal additive manufacturing is 
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developing at a rapid pace to cope with the current industrial needs to utilise the 

unmatched capabilities that these technologies offer [43].   

Metal AM can be classified into five groups: Powder-Bed Fusion (PBF), Direct 

Energy Deposition (DED), Binder jetting, Nano-Particle Jetting (NPJ), and droplet-

based techniques. Although very different in solution, principle, and embodiment, 

significant functional similarity exists among the technologies. 

The most common PBF systems are Electron Beam Melting (EBM) and Laser Powder 

bed Fusion (L-PBF). They use metal powder as raw material feed, and a high-energy 

source is used to melt the pre-laid material selectively. In EBM, a high-power electron 

beam is the heat source for melting the powder particles, which requires the procedure 

to be carried out under vacuum conditions to prevent electron beam scattering [44]. 

Whereas in L-PBF, a focused laser beam fully melts the powder particles and the 

process chamber is only flushed with an inert gas [45].  Once the first layer is scanned, 

the build platform is lowered, and the next layer of powder is spread. The process 

repeats until the 3D part is built. 3D parts built by these methods are prone to several 

issues due to the complicated thermal history. A large degree of shrinkage tends to 

occur during liquid-solid transformation, which results in accumulating considerable 

stresses in the components. Moreover, high-temperature gradients during cooling 

cause residual thermal stresses that accumulate as the layers are built up, leading to 

distortion, cracking, layer delamination and wrapping of products [46], [47]. Due to 

the difficulties of powder layering, multi-material printing is still challenging with this 

process.  

Blown powder deposition and Wire based disposition are two main categories of DED. 

In powder-feed DED, metal powder is fed through a nozzle, which is melted using a 

laser or plasma beam, forming a layer. The laser-based method is called Laser Metal 

Deposition (LMD), or Laser Engineered Net Shaping (LENS). The plasma-based 

method, called Plasma Deposition Manufacturing (PDM), starts by supplying a 

continuous powder feed to a plasma-melted zone in an inert gas environment to help 

reduce oxidation. In this method, some oxidized particles can still form when the 

powder is melted and solidified as the plasma beam scans across the deposited layer 

[46], [48]. In wire-feed DED technology, a wire of a small diameter is fed and melted, 
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binding to the previous layers through welding. Compared to laser deposition or 

electron beam welding, a wider range of metals can be used in this method, and there 

is less opportunity for oxidized particles to form. Moreover, they provide the 

possibility of depositing multiple materials in one part. Despite a reasonable ultimate 

strength, the microstructure of parts is less homogenous in this technique. In addition, 

difficulties arise due to the weld pool control and its impact on dimensional and 

geometrical accuracies [48].  

Binder jetting generally uses one or more nozzles to jet liquid binder on the top of a 

powder bed, effectively glueing the powder together. The printing can be potentially 

faster than other metal AM methods, since it operates at lower temperatures and 

multiple nozzles can print simultaneously. However, the green parts need time-

consuming post-process for densification. It includes heat treatments to remove the 

binder and sinter the powder particles and other techniques such as infiltration (using 

a metal with a lower melting point) or hot isostatic pressing [49]. Consequently, the 

overall fabrication speed of binder jetting is slower. The main issues associated with 

this technology are that part shrinkage cannot be avoided during the post-sintering 

process [47], [48], [50], and high porosity level. Moreover, the selection of binding 

material and the surface finish of products are other challenging aspects of the process. 

Reactive Metal Jet Fusion (RMJF) [51] which emerged in 2018, is analogous to binder 

jetting and seems to be a promising method to overcome the drawbacks mentioned 

above. This technology uses so-called functional binders instead of conventional 

binders. The functional binders comprise a reactive material and nano- to micro-

particulate materials. The reactive binder infiltrates the voids between the powder-bed 

particles and fuses them in situ through chemical transformations or physical 

processes such as adsorption, diffusion, or melting.  

Fabrication of 2D and 3D conductive structures for printed electronics uses inkjet 

printing technology to deposit a liquid dispersion of metal nanoparticles onto a 

substrate. Considerable research has been devoted to the technology in the past 

decades since it has opened new avenues for realising 3D-printed electronics. The use 

of metal nanoparticles allows sintering processing at lower temperatures due to their 

lower melting temperatures compared to their bulk counterparts [52], making them 

compatible with various types of substrates, including flexible polymer substrates. 
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However, pores and microcracks formed during the sintering process, organic residues 

of stabilising ligands, nonuniform morphology due to the coffee-ring effect, and 

nozzle clogging are still common challenges associated with this process [53]. 

Moreover, the synthesis of nanoparticles is challenging for some metals [54]. An 

alternative approach has emerged to overcome the challenges related to sintering 

through the development of reactive organometallic inks, which enables the deposition 

of ink formulations at a low temperature [55]. These inks overcome aggregation 

problems and yield conductive metal films, but they are more expensive and reducing 

agents are required to trigger the chemical reaction [56]. 

The reviewed metal AM techniques require either pre-processing, such as powder 

production or extensive post-processing, such as heat treatments or machining. 

Moreover, the high-power lasers, ink formulation, and defects are inevitable aspects 

of most of these processes. More importantly, they are mostly limited to using a single 

material to build a part, hence the production of multi-metal, multi-functional devices 

is not attainable. An alternative AM technology that shows promise for overcoming 

these challenges is metal jetting or Liquid metal printing, used in this study. Potentially 

a wider range of metals and alloys can be printed through metal jetting since the only 

requirement is to melt the material before jetting, and there is usually no post-printing 

restriction. This method is fully explained in the following section.   

2.2. Metal Jetting 

Metal jetting, also known as liquid metal jet printing, is a promising additive 

manufacturing (AM) technology that has the potential to fabricate metallic 

components, both single and multi-material, at a resolution not achievable with the 

more common Metal AM techniques. Metal jetting is based on a technology which is 

analogous to traditional ink-jet printing. The operational concept of metal jetting is 

that the feedstock material is loaded into a crucible that can be heated to transform the 

feedstock material into a liquid form, by melting. The molten material is ejected 

through a nozzle and deposited at precise locations onto a substrate. The nozzles can 

be designed with various actuator systems or mechanisms, depending on the feedstock 

material class and the mode of operation. Interestingly, the freedom offered by the 

variability in nozzle sizes potentially enables fabricating parts using a wide range of 
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scales. The size of the ejected material can vary between the order of a few microns 

up to the mm range. The deposited material then spreads and solidifies upon landing 

on the substrate or adjacent to the previously deposited material until the 3D object of 

interest is created.  

Metal jetting is a novel AM technology, and most devices are not yet industrialised 

and are at the academic research level. It is foreseen that this technology will be 

beneficial for various industrial sectors. The application of the technology depends on 

the droplet size, which in turn defines the resolution and the object size. The potential 

applications for this technology are the printing of 3D electronic circuits and advanced 

electronic components [8]–[10], complex 3D mesoscale objects [11], biotechnologies 

such as orthopaedic implants [12], metal 3D printing in space [13]–[16]. Moreover, 

the possibility of multi-metal printing paves the way to additively manufacture parts 

of various materials in the same print without the need for welding or other joining 

processes.  

From an operational perspective, there are similarities between metal jetting and 

micro-casting, spray shape deposition manufacturing (SDM) [4], and thermal spraying 

[5]. However, the control over the size of droplets, jetting speed, and the precision of 

manufacturing set metal jetting apart from these other processes. Moreover, metal 

jetting has prospective advantages over other AM technologies, such as L-PBF, DED, 

and binder jetting, due to its simplified fabrication approach. Metal jetting integrate 

melting and jetting processes simultaneously, avoiding extra time and costs for pre-

processing, such as powder preparation in powder-based additive manufacturing 

processes. In addition, this simplicity is granted by the elimination of post-print 

processing, such as sintering, to remove the binding agents. As a result, material jetting 

processes can be faster and cheaper compared to other additive manufacturing 

techniques. Furthermore, the high solidification rates of individual droplets generate a 

fine microstructure with reduced segregation in metallic alloys. In addition, metal 

jetting has the potential to create parts with graded microstructure and mechanical 

properties, thanks to the control over the solidification path of individual droplets. Last 

but not least, the extended degree of freedom in metal jetting promises new avenues 

in fabricating functional multi-material metallic devices. Table 2.1 compares the 
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advantages and disadvantages of various metal additive manufacturing techniques 

reviewed in this thesis.  

Table 2.1- The advantages and disadvantages of various Metal Additive Manufacturing technologies.  

 Advantages Disadvantages 

Powder-

Bed Fusion 

Wide range of materials, 

possibility of multi-metal AM 

manufacturing, printing complex 

3D geometries, possibility of 

powder reusability. 

Powder manufacturing is required, 

the process is relatively expensive 

and complex, a considerable level of 

distortion, surface finish varies 

depending on the powder quality, 

size limitation, the multi-metal 

printing is restricted due to the 

powder layering challenges. 

Direct 

Energy 

Deposition 

High deposition rate, possibility of 

fabricating large structures, multi-

metal printing is possible, high 

density. 

Poor surface finish, printing complex 

geometries are challenging, 

microstructure is heterogeneous, low 

dimensional accuracy, high levels of 

distortion.  

Binder 

jetting 

Distortions are limited compared 

to beam-based techniques, 

scalable process, high printing 

speed, complex 3D shapes can be 

printed. 

Powder manufacturing is required, 

extensive post-processing is required, 

relatively low material properties 

(mainly high level of porosity), 

anisotropic mechanical properties, 

considerable shrinkage due to post-

treatments, poor surface finish, high 

overall cost.  

Nano-

Particle 

Jetting 

High accuracy and resolution, 

isotropic material properties, 

sintering processing at lower 

temperatures compared to the bulk 

material, adaptability with various 

substrate materials, multi-material 

printing is possible.  

Synthesis of nanoparticles is 

required, relatively low printing 

speed, post processes are required, 

which can cause further defects, high 

costs associated with the technology, 

nozzle clogging, nonuniform 

morphology (such as coffee rings).  

Metal 

Jetting 

Simplified fabrication approach: 

usually no pre- or post-processing 

Liquid metal containers must 

withstand high temperatures, lack of 
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is required, high resolutions, high 

surface finish, possibility of multi-

metal manufacturing with high 

accuracy, high material properties, 

printing complex 3D geometries.  

consolidation between droplets of 

high-temperature materials, surface 

finish depends on the droplet size 

(nozzle size), protective build 

chamber is required.    

 

As the molten metal is ejected from specifically-designed nozzles, it is expelled in the 

form of either (a) a continuous jet or (b) discontinuous jet, also known as Droplet-On-

Demand (DoD) jetting.  In the case of continuous jetting, the liquid material is pushed 

out of the crucible through the nozzle in the form of a continuous stream of fluid 

(Figure 2.1). This liquid stream is broken up into a steady stream of droplets at a 

defined distance from the nozzle because of the Plateau-Rayleigh instability. The 

Plateau-Rayleigh instability is explained by the tendency of liquids to minimize their 

surface area by virtue of their surface tension. This jet of liquid can be stimulated by 

assisted vibration to have better control over the droplets' uniformity and consistency 

and reduce the satellite droplet formation. Satellite droplets’ formation is a common 

defect in jetting processes exacerbated by jetting instabilities, leading to the formation 

of significantly smaller droplets that deviate from the uniform stream. Having 

uncontrolled trajectories and sizes, these satellites pose challenges in terms of 

compromising the micro-and macroscopic fidelity of the 3D printed structures.  

There are two continuous jetting methods: (1) binary and (2) multiple. In the former, 

at the point of jet break-up, an electrostatic charge is induced into the selected droplets 

as they travel through charging electrodes. Subsequently, these charged and uncharged 

droplets pass through a deflection plate, producing a uniform electric field to sort 

droplets to be collected (charged droplets) or deposited (uncharged droplets) onto a 

substrate. In this method, the charging process is relatively simple since there is a 

single level of charging, however, it is limited to printing single lines. To produce 2D 

areas, multiple jets or relative motion of the jet to the substrate will be required. In the 

binary mode, the deflected droplets are either discarded as waste or collected for re-

use.  In the multi-deflection process, the charging level of droplets is variable. Hence, 

droplets are deflected to various positions on the substrate, enabling a single jet to 
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print 2D structures at once. The operational concept in Figure 2.1 demonstrates the 

continuous jetting function of a binary deflection method.  

 

Figure 2.1- Schematic presentation of the continuous jetting operational concept. 

 

In contrast to the continuous jetting modality, in the case of discontinuous or DoD 

jetting, well-defined droplets are directly created and expelled from a nozzle in a 

discontinuous, periodic or controlled aperiodic manner. These individual droplets are 

generated by applying a momentum to the liquid material, which results in the ejection 

of a precise volume of individual drops of metal. The operational concept of DoD 

jetting is illustrated in Figure 2.2. There are various actuation mechanisms to 

introduce this pressure into the liquid material, including piezoelectric [6], [57], [58], 

pneumatic [19]–[21], and Magneto-Hydro-Dynamic actuators [24], [59], [60]. One 

advantage of the DoD over continuous jetting is that it produces no unused droplets, 

i.e., more resource-efficient. Moreover, DoD offers more control over the droplets' 

sizes, timing, and speed, making it advantageous to continuous jetting despite being 

slower. DoD methods have become more popular in recent years, hence a wider range 

of printable materials. 
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Figure 2.2- Schematic presentation of the operational concept of discontinuous jetting. 

 

2.2.1. Piezoelectric actuators 

The primary method of DoD actuation has historically been piezoelectric-based since 

its usage was well established in DoD inkjet printing. The push-mode piezoelectric 

actuators are more frequently employed for molten metal jetting, in which there is no 

direct contact between the piezo-based actuator and molten material to overcome 

challenges associated with the Curie temperature (the temperature at which the 

material permanently loses its immanent polarization, which can be ~150°C to 300°C 

for a typical piezoelectric material such as PZT). As shown in Figure 2.3, an electrical 

pulse causes the piezoelectric ceramic to contract or expand. This mechanical 

vibration pulse is transferred into the liquid metal through a piston, creating pressure 

and forcing the liquid droplet out of the nozzle [6]. The piezoelectric actuators are the 

most common method owing to their simplicity, flexibility, and possibility of reaching 

higher frequencies (>500 Hz). However, their application remains limited to relatively 

low-temperature metals. In recent years, the temperature limitation caused by these 

systems has been lifted by applying a cooling system and thermally insulating the 

piezoelectric elements. The capability of these mechanisms has now extended to 

higher temperatures of up to 950°C [61]. In this method, the droplet size changes as a 

function of nozzle diameter and can be controlled by varying the drive period in the 

waveform applied to the piezoelectric [62]. 
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Figure 2.3- a) a schematic presentation of a material jetting system using piezo-electric actuation 

[63], b) pillar array in AlSi12 [64], c) inclined pillar in Sn63Pb37 [64]. 

2.2.2. Pneumatic actuators 

As per Figure 2.4, in pneumatic actuators, droplets are ejected from a nozzle by 

applying pulses of pressurised gas to the liquid reservoir. The pressure pulses are 

created by a rapid closure and opening of a solenoid valve [19]. Pneumatic actuators 

are widely used among researchers due to their simplicity and resistance to high 

working temperature conditions. In recent devices, the working temperatures have 

been increased to 1600°C [21]. The nozzle diameter mainly defines the size of droplets 

in this technique [65], moreover, process parameters such as pressure pulse time and 

amplitude are also influential [66]. Even though these actuators are still widely used 

among researchers for droplet deposition studies, the slow droplet rates (<100 Hz) and 

lack of stability make them the least favourite option for metal additive manufacturing. 

The low frequency originates from the slow response rate due to the high 

compressibility of the gas and results in a slow production rate.  
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Figure 2.4- a) a schematic representation of a jetting mechanism deploying pneumatic actuation, 

thin-walled 3D objects in Sn fabricated by pneumatic metal jetting systems b) [67], c) [65]. 

 

StarJet (2009) [68] is a pneumatic droplet generator device with improved droplets’ 

uniformity and accuracy compared to the traditional pneumatic systems. The main 

characteristic of this device is a star-shaped nozzle, which facilitates the flow of liquid 

in the centre of the nozzle by capillary forces and reduction of the contact line friction. 

The design of this atypical nozzle was initially proposed by Metz et al. in 2008 [69]. 

In the DoD mode, individual droplets are generated due to the interplay between the 

gas pressure on the liquid metal in the reservoir and the gas flow in the star-shaped 

grooves indicated in Figure 2.5. Short pressure pulses are applied by opening the 

pneumatic valve for short periods of time. By applying this gas flow through the inlet, 

a driving pressure on the liquid metal is provided, however, the liquid is held inside 

the reservoir due to the capillary pressure of the nozzle centre. Thanks to the star-

shaped design, the gas flow causes a pressure drop in the gas supply channel, which 

can overcome this capillary pressure and hence a liquid droplet can be produced on-

demand. Microdroplets of nano- to pico-litres can be produced using the StarJet 

system. In the more recent versions of the device, frequencies of up to 25 Hz [70] were 

reached in DoD mode, with working temperatures as high as 950 °C [71].   
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Figure 2.5- SEM pictures of StarJet nozzle a) top view, b) cross-sectioned view, c) working principle 

of the StarJet dispenser [68], d) three solder columns printed with the StarJet system [72]. 

 

2.2.3. Magneto-Hydro-Dynamic actuators 

In MHD, by virtue of applying an electric current pulse to a conducting molten 

material, which is surrounded by a magnetic field, a Lorentz Force is induced (𝐹⃗ =

𝐼  ×  𝐵⃗⃗) (Figure 2.6). This electromagnetic force, directed toward the flow direction, 

acts as a pressure pulse to expel the material from the nozzle [25]. The MHD 

technique, which is the focus of this research and which has been the subject of just a 

few studies, has been shown to overcome some limitations in other DoD methods. 

MetalJet [11], [27], [73], a novel DoD metal jetting additive manufacturing technology 

based on the MHD principle, has shown the capability of producing micro metallic 

droplets (< 80 µm in diameter) of high temperatures (up to 2000 °C), at frequencies 

up to 2000 Hz. MetalJet uses printheads originally patented by Océ (now Canon 

Production Printing) [28], as shown in Figure 2.6. In this system, a magnetic field is 

produced by two permanent magnets. A variable electrical current is provided through 

two tungsten electrodes, which are in contact with the liquid metal via the cartridge 

and placed perpendicular to the magnetic field direction.  

Xerox's Liquid Metal 3D Printer (Magnetojet™) [74], [75], the first commercialised 

DoD printer, uses an MHD actuator mechanism to produce microdroplets with a 

frequency of 40 to 1000 Hz. This system uses a transient magnetic field instead of a 

permanent one. Electrical pulses sent to a Cu coil produce the transient magnetic field, 

which couples with the circulating electrical current. The main advantage of this 

device is the elimination of direct contact of electrodes with molten metal. Moreover, 

continuous wire feedstocks are used. However, the system is limited to producing 
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molten droplets of up to 950 °C, and the contactless actuation methods can result in 

pumping inefficiency.  

The use of MHD actuators can potentially revolutionize the metal jetting industry, 

thanks to their capability to produce small microdroplets of high-temperature material 

at high frequencies. Moreover, jetting properties such the pulse length, pulse voltage, 

and jetting frequency can be independently controlled to optimize the dynamics of 

droplet ejection [8]. However, the technique is still restricted to the limited choice of 

suitable materials for electrodes. The materials must possess sufficient electrical 

conductivity while withstanding the chemically aggressive melt condition (in the case 

of direct contact). Also, the material choice for fabrication of the container and nozzle 

is governed by the compromise between the wettability properties without inducing 

chemical reactions. These limitations can impose challenges to the pace of the 

progression of the technology.  

 

Figure 2.6- a) The cross-sectioned view of Canon-Océ actuator [28], b) an electronic circuit in Sn 

printed through the MetalJet platform [27], c) the cross-sectioned view of Magnetojet actuator, d) a 

cylinder in Al printed through Xerox metal jet printer(Magnetojet) [25]. 
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2.2.4. Other droplet-based techniques  

There are other droplet-based additive manufacturing techniques in which 3D objects 

are built in a droplet-by-droplet fashion; however, in these techniques, droplets are not 

necessarily jetted from a nozzle. Yet they share similar fabrication principles with 

metal jetting and merit to be briefly overviewed.  

2.2.4.1. Laser-induced forward transfer  

Laser-induced forward transfer (LIFT) [76]–[78] is a droplet-based AM method 

allowing the printing of a wide range of pure metals and alloys from low to high 

temperatures at high resolutions. This method applies a focused pulsed laser on a thin 

film layer, pre-deposited on an optically transparent support. The laser melts a portion 

of metal and subsequently produces a liquid metal micro-droplet. Objects can be 

additively built by placing a substrate in the drop's trajectory, as shown in Figure 2.7. 

LIFT is a non-contact digital printing technology (i.e., the molten metal is not ejected 

from a nozzle), enabling the fabrication of complex shapes and multi-material 

structures. Despite the capacity of the technology to produce nano to micro-scale 

droplets, the fabrication of high-resolution objects through this technique is hindered 

by the irregular morphology of droplets due to laser inputs and satellite formation. 

Moreover, the pre-deposition of a thin metallic layer onto a transparent support adds 

an extra level of complexity (for example, wetting-related issues). In addition, the 

electrical and mechanical properties of printed parts are inferior to bulk material due 

to poor bonding at interfaces, oxidation, inter-droplet voids, and delamination [79], 

[80].  

 

Figure 2.7- a) A schematic presentation of the Laser-induced forward transfer working principle, b) 

SEM image of LIFT-printed copper logo of the on an epoxy glass laminate, c) a zoom at the middle of 

the letter “m” [81]. 
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2.2.4.2. Electrohydrodynamic redox printing 

Electrohydrodynamic redox printing (EHD-RP) [82] uses the basic electrochemistry 

to in-situ dissolve a metal anode 𝑀0 in a liquid solvent (acetonitrile), as demonstrated 

in Figure 2.8. These immersed metal ions 𝑀𝑧+ are ejected from the printing nozzle 

using EHD actuators. The in-flight modulation of the printed chemistry is achievable 

by switching the oxidative voltage between different electrodes in a multichannel 

nozzle. Finally, ions are reduced to zero valence metal as they are deposited through 

electron transfer from the substrate. This technique enables direct printing and mixing 

of multiple metals from a single nozzle at high spatial resolutions. However, the 

method is limited to the fabrication of objects with only several hundred micrometres 

in width, and the manufacturing rate is relatively low (10 voxels per second). 

 

 

Figure 2.8- a) the schematic presentation of the EHD-RP working principle, b) bi-metal pillars 

printed with alternating segments of Ag and Cu–Ag c) concentric, out-of-plane sine waves printed 

with a layer-by-layer strategy [82].  
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2.2.4.3. Microcasting 

Microcasting [83], [84], developed at Carnegie Mellon University in 1994, is a drop-

based deposition process to create 3D objects of desired shapes. In this process, high 

melting point metallic objects (for example, steel) are produced by depositing 

individual drops of 1 to 4 mm in diameter at rates of 1 to 3 drops per second in a 

discrete fashion. The various microcasters using: MIG (Metal Inert Gas) torch, TIG 

(Tungsten Inert Gas) torch, and plasma-arc welding approaches are schematically 

presented in Figure 2.9. In the MIG microcaster, an electrode wire is fed through the 

MIG torch and is melted using an arc to form drops at the end of the wire. In the TIG 

microcaster, an arc is established between a tungsten electrode and a water-cooled 

copper electrode, while the feedstock wire is fed externally into the arc. In both 

techniques, a shielding gas is supplied through the troches. Alternatively, plasma-arc 

welding can produce drops of higher melting metals at higher jetting velocities. Here, 

an electric arc, generated from a standard plasma welding power source, is transferred 

between the torch and the feedstock wire. The tip of the metal wire, positioned 

perpendicular to the torch, is melted to produce drops. The recent so-called Laser-

assisted drop deposition [85] uses the same principle as microcasting to build 3D parts. 

Even though large drops provide the condition for a metallurgical inter-droplet 

bonding, this manufacturing technique lacks precision. Usually, post-printing milling 

processes are required to shape the objects to the final dimensions, and the surface 

finish quality is inferior to other methods.  
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Figure 2.9- Schematic representation of microcasting process, a) MIG microcaster, b) TIG 

microcaster, c) Plasma-arc microcaster. 

 

2.2.4.4. Digital particle ejection melting   

The Digital Particle Ejection Melting (DPEM) [42] for generating and printing molten 

metal droplets from a nozzle on-demand was introduced in 2021 by researchers from 

MIT (Figure 2.10). This technique combines the principles of Deterministic Particle 

Ejection (DPE) [86] and LIFT. DPE is similar to inkjet technology, where droplets are 

generated by applying force to the liquid inside a container. However, in DPE, a 

specific voltage potential between the carrier liquid needle and the substrate is used 

locally to eject an individual particle. After ejection, a laser beam is applied to the in-

flight particle to melt it before the deposition. A wide range of materials can be used 

in this technique since most materials can be found in the form of nano-micro particles. 

Moreover, there is no need to melt the metal, so the compatibility between the molten 

feedstock metal and reservoir does not raise an issue. Up to date, the printability of a 

lead-free solder alloy (Sn96.5-Ag3-Cu0.5) and a platinum-ruthenium alloy (Pt95.5-

Ru4.5) has been demonstrated. High-accuracy objects can be printed through this 
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technique due to the small droplet size, as small as 30 µm in diameter. However, the 

poor bonding between droplets of high melting point materials remains a major issue. 

Moreover, the powder handling and laser use add to this method's complexity.   

 

Figure 2.10- a) schematic representation of the digital particle ejection and melting (DPEM) process, 

b) line of overlapping 150 µm solder droplets on a tin substrate, c) polished and etched cross-section 

of the printed line shown in a [42]. 

 

2.2.4.5. Thermal spray techniques 

Thermal spraying [87] refers to various techniques used to restore a solid material's 

surface. In these processes, fine softened molten or semi-molten particles are projected 

onto a surface to which they are adhered, forming a continuous layer. Typically, 

multiple passes of the coating device are required to form the total coating. The 

feedstock materials can be in the form of powder, wire or rod, which is fed into a jet 

that may heat the material near or above its melting point and accelerates the resulting 

molten droplets in a gas stream to the substrate to form a coating. The electrical or 

combustion sources can be used to heat the material and create the jet stream.  Plasma 

spraying, combustion flame spraying, cold spraying, and some vacuum processes such 

as EB-PVD (Electron beam- Physical vapour deposition) and PS-PVD (Plasma spray-

OVD) belong to the family of thermal spraying. Even though the main application of 

these technologies is to coat surfaces, the potential to use them in the context of 

additive manufacturing has been highlighted in recent years [88], [89]. The challenges 

associated with using this method as an AM process are controlling the bonding level, 

structural integrity, manufacturing resolution, material brittleness due to work 

hardening, and post-processing requirements.  

https://www.sciencedirect.com/topics/physics-and-astronomy/gas-streams
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Figure 2.11- the principle of thermal spraying [87]. 

 

2.3. Droplet formation 

This section presents the research work in the literature on investigating the 

characteristics of the droplets before they impact on the substrate. This is important 

since the precision of 3D parts printed by metal jetting processes depends partially on 

the formation of uniform droplets with consistent diameter, velocity, and trajectory.  

The primary element to investigate in all drop-on-demand jetting techniques is the 

formation of droplets to reassure controlled and uniform droplets with a precise 

volume, speed, and trajectory. The principle of drop formation is to provide the 

required momentum inside the fluid through the actuating mechanism to push the 

material out of the nozzle. In DoD techniques, a push-pull actuation is typically 

applied at the orifice to extrude the meniscus out of the orifice using a positive pressure 

pulse and then retracting it using a negative pressure. The flow reversal concept 

reduces the pinch-off time and satellite formation during ejection [75]. Droplets are 

formed from an initial extended fluid stream that thins and eventually pinches off into 

a droplet with an elongated tail (ligament). The final separation of the ligament is of 

high importance, and if not well controlled, it can cause satellite droplet formation. 

Figure 2.12 illustrates the sequence of droplet formation for two scenarios. In Figure 

2.12 a, a satellite droplet is formed during the breakup, but it rapidly catches up with 

the main droplet, while in Figure 2.12 b, the satellite droplet cannot merge with the 
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main droplet [90]. The satellites are deposited randomly on the substrate and can 

eventually cause deterioration of precision, resolution, and accuracy in the printed 

part. 

 

Figure 2.12-Sequences of aqueous glycol solutions droplet formation using a piezoelectric actuator: 

a) when the satellite droplet merges with the main droplet, b) formation of satellite droplets [90]. 

 

He et al. [91] used a lattice Boltzmann-based modelling approach to simulate the 

droplet formation mechanism in the inkjet printing process. As shown in Figure 2.13, 

these simulations provide information about the droplet’s velocity at the tail and head 

during and after the breakup. They demonstrated that at optimal voltages (sufficiently 

low), the ligament pinches off at the nozzle, and the droplet’s velocity at the tail is 

sufficient to catch up with the main droplet (head), which has a slower velocity. The 

tail forms naturally as a consequence of contraction in the ligament caused by the 

capillary forces. If the velocity of the main droplet at the head is too high (generally 

caused by high voltages), the tail droplet is unable to catch up with the head droplet, 

and satellite droplets are formed. The ligament can sometimes break into several 

satellite droplets due to the Rayleigh-Plateau instability.  
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Figure 2.13- Velocity profiles of the drop tail and head during and after the droplet breakup [91]. 

 

The droplet formation has been extensively studied for ink jetting, and Derby’s [92] 

review article investigated the topic thoroughly. In most studies, jetting Weber (𝑊𝑒𝑗), 

Ohnesorge (𝑂ℎ), and Z parameter (1/𝑂ℎ) are used to characterise the behaviour of 

liquid droplets and to provide a simple printability guideline for jetting processes.  

𝑊𝑒𝑗 = 𝜌𝑉𝑗
2𝐷/𝜎𝑠                                                   (Equation 1)                                     

𝑂ℎ =
𝜇

 √𝜌𝜎𝑠𝐷
 =

1

𝑍
                                               (Equation 2) 

Reis and Derby [93] used Computational Fluid Dynamic methods to define a 

printability map. They suggested that for jetting inks with the piezoelectric actuators, 

stable droplet formation is obtained at the range of 1 <  Z <  10. For smaller Z, the 

viscous dissipation prevents droplets' ejection, and satellite formation causes an issue 

at higher Z. This printability criterion was widely used until recently when Lui and 

Derby [94] proposed new empirical printability boundaries based on their 

experimental observations (Figure 2.14), which covers the aqueous inks in the range 

of  2 <  Z <  30 and 2 < 𝑊𝑒𝑗 < 25.  
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Figure 2.14- Printability map proposed by Lui and Derby based on the jetting We and Z numbers in 

inkjet printing [93]. 

 

In recent years, with the emergence of DoD-MJ, the formation of metallic droplets has 

gained increasing attention, with only a few studies addressing the problem [21], [75], 

[95], [96]. The significant difference between ink jetting and metal jetting is the 

properties of liquid metal, including density, viscosity and surface tension, all of which 

makes metal jetting more challenging. Compared to typical inks, liquid metals have 

lower viscosities (0.8 - 4 mPa.s vs. 10 - 40 mPa.s [97]), higher densities (17,000- 2,700 

𝐾𝑔/𝑚3 vs. ~ 1,100 𝐾𝑔/𝑚3 [98]) and much higher surface tensions (1350-540 mN/m 

vs. 20-60 mN/m [97]). As a result, the Oh and We numbers for metallic materials fall 

in an unexplored range of the printability maps that are conventionally used for inkjet 

printing.  

It has been recognized that the formation of droplets at low Oh numbers is possible if 

the ejection pulse's strength is adapted accordingly. This eventually leads to lower 

ejection velocities and hence lower We numbers. Piezoelectric and 

magnetohydrodynamic actuators share similarities in terms of the formation of 

metallic droplets, whereas pneumatic actuators use a completely different mechanism. 

In pneumatic actuators, the pressure and valve opening time mainly control the 

droplets' dynamics, size, and velocity [20], [21]. Beck et al. [95] investigated the 

formation of metallic droplets of 300 µm in a wide range of We and Oh numbers using 
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a push-only pneumatic actuator through an experimental and numerical approach. 

While the modelling results matched the experimental result at a high Oh number, they 

observed some discrepancies at a lower Oh number (Oh < 0.5).  The authors speculated 

several possibilities for the mismatch at the low Oh regime, with the change of surface 

tension due to oxidation being the most valid argument. However, they concluded that 

further investigations are necessary to elucidate the factors influencing the formation 

of metallic droplets. Watkins et al. [96] studied the formation of metallic material 

using a pneumatic actuator (push only) and suggested to use 
𝑍

√𝐷
 as a printability 

criterion. Dividing Z to the diameter's square root eliminates the criterion's 

dependency on the nozzle diameter and makes it adaptable for a wide range of droplet 

diameters. They discovered a new printability zone in the map established by Lui and 

Derby, where Sn, Al, and Ge droplets of 2 < 𝑊𝑒𝑗 < 4 and 339 < 𝑍 < 2526 were 

shown to be printable. Zou et al. [99] investigated the effects of the wetting conditions 

between the liquid metal and the nozzle and found that the nonuniform wetting 

condition causes a deflection in the droplet's trajectory. They observed that the jet flow 

deflected toward the region where the wettability was lower, i.e., regions where the 

liquid could spread easier.  

Feng et al. [100] used an integrated computational and experimental approach to 

optimize the waveform in the piezoelectric actuators. They found that longer rising 

times induced smaller droplets, whereas increasing the dwell time and the jetting 

voltage resulted in larger droplets (Figure 2.15). They also observed that the formation 

of satellite droplets could be mitigated by applying shorter dwell times.  
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Figure 2.15- a) non-dimensional droplet diameter as a function of the dwell time at various voltages, 

optical images of solder droplets obtained for b) 𝑡𝑑 = 0.5 𝑚𝑠 and 𝑉 = 20 𝑉, c)  𝑡𝑑 = 0.05 𝑚𝑠 and 

𝑉 = 20 𝑉, d) 𝑡𝑑 = 0.5 𝑚𝑠 and 𝑉 = 30 𝑉, e) 𝑡𝑑 = 0.05 𝑚𝑠 and 𝑉 = 30 𝑉 [100]. 

 

Ma et al. [101] developed a model to analyse droplets’ dynamics during the jetting of 

microdroplets through piezoelectric actuators and validated their model by jetting 

Sn63Pb37 alloy. Similar to Feng et al.’s [100], larger droplets were obtained at higher 

dwell times and voltages. Additionally, they discovered that droplets’ size increases 

linearly as a function of the melt temperature. Furthermore, their results indicated that 

these three parameters should be finely optimised since no ejection and satellite 

droplet can be formed if these values are too low or too high, respectively.  

The formation of metal droplets through MHD actuators is limited to the research 

performed by Sukhotskiy et al. [75]. They used a computational model to establish a 

printability map for pure metal droplets of hundreds of microns in a contactless push-

pull MHD actuator. They established a new criterion (𝑆 =
𝜎𝑠𝐵

2𝐷2
2𝜗𝑗

𝛾
, where B is the 

magnetic flux density) in which the Lorentz force induced in the molten metal is 

comparable with the surface tension at the nozzle. They demonstrated that satellite-

free droplets could be produced in the range of 1000 < S < 2000 and for 10 < 𝑊𝑒𝑗 < 

20. To the best of the author’s knowledge, the formation mechanism of microdroplets 

using MHD actuators is missing in state-of-the-art and merits an investigation.  
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2.4. Droplet deposition behaviour 

In metal jetting, objects are built in a repetitive droplet-by-droplet fashion, hence the 

precision and properties of components are dictated by the behaviour of the individual 

droplets on two levels: (I) droplet-substrate and (II) droplet-droplet interactions. Due 

to the independent nature of the droplets upon impact until solidification, 

investigations on this process can be reduced to studying the characteristics of single 

droplets (deposited onto the substrate, deposited onto the substrate and adjacent to the 

previously deposited droplet, or deposited on the top of the previously deposited 

droplet). The characteristics that should be thoroughly investigated are: 

1. Droplet morphology. 

2. Droplet adhesion to the substrate. 

3. Boning between droplets. 

4. Crystal structure. 

5. Residual stresses. 

These five characterises are based on several factors. These include: the thermal-

physical-mechanical properties of the feedstock material and substrate, the droplet and 

substrate temperatures, the size of droplets, the jetting velocity, and nozzle-substrate 

distance, among others [27].  

The final objective, which is building 3D parts with high integrity and precision, is 

obtained if these parameters are well understood and optimised. For this purpose, it is 

essential to acquire fundamental knowledge about the mechanism of the process 

through a detailed investigation of single droplet deposition in the first instance. 

Secondly, the deposition of multiple droplets, which sets the integrity, should be 

investigated. Breaking down the project into these building blocks allows a 

fundamental understanding of the process instead of costly and lengthy trial and error 

approaches. Seemingly simple, these tasks are significantly challenging since several 

complex phenomena occur simultaneously during the deposition and solidification of 

liquid metal microdroplets onto a substrate. This is due to the complex heat transfer 

behaviour of striking droplets caused by the intricate internal fluid flow field, the time-

varying geometry of droplets, and the progressive phase transformation [102]. 
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Phenomena that need to be understood include the droplet’s dynamics, reactive 

wetting, and multiphase and multimode heat transfer leading to a rapid solidification 

and possible remelting of the substrate, contact line motion and arrest, the dynamic 

behaviour of contact angle, interfacial deformation, nucleation, and growth of grains 

within the solidified droplet. 

Research about the numerous physical phenomena involved in the droplet’s impact 

and spreading onto substrates has been conducted for over a century due to its 

relevance in many industrial applications [103]–[108]. These include spray cooling, 

painting, insecticides and pesticides, inkjet printing, thermal spraying, fuel injection, 

windshield films, aircraft icing, electronic-component welding, coating, raining, 

nebulizers for medical use, and additive manufacturing. Despite decades of 

investigations, droplet deposition is not yet fully understood and keeps attracting 

researchers due to the diversity of its underlying physical phenomena. This section 

reviews the studies on various aspects of individual and multiple droplet deposition, 

with specific attention to micro-scale droplets, which are the main target of the current 

study. Initially, the impact and isothermal deposition of single droplets is investigated, 

and in the following sections, simultaneous spreading and solidification are reviewed. 

Afterwards, deposition of multiple droplets and bonding at the created interfaces are 

studied. Finally, microstructure and residual stress evolution during the process are 

explored.  

2.4.1. Droplet impact 

Generally, when a droplet impacts on a substrate, three various scenarios are possible, 

as shown in Figure 2.16. The droplet may spread onto the surface, rebound, or splash 

[109]–[111]. The occurrence of each scenario is controlled by various parameters, 

including the droplet speed (𝑉), initial droplet diameter (𝐷), density (𝜌), viscosity (𝜇), 

temperature (𝑇𝑑), surface tension (𝜎𝑠) of the droplet, the surface roughness (𝑅𝑎), 

substrate temperature (𝑇𝑠), and wettability of the substrate, which manifests as the 

contact angle (𝜃), thermal conductivity (𝐾), specific heat (𝐶𝑃), latent heat of 

solidification (𝐿). These parameters can be organised into dimensionless numbers such 

as Weber (𝑊𝑒), Ohnesorge (𝑂ℎ) Reynolds (Re), Prandtl (Pr), Capillary (Ca), Bond 

(Bo), and Froud (Fr) numbers to characterize the dynamics of spreading.  
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𝑅𝑒 =
𝜌𝑉𝐷

𝜇
=

√𝑊𝑒

𝑂ℎ
                                                 (Equation 3) 

𝑃𝑟 =
𝜇𝑐𝑝

𝑘
                                                           (Equation 4) 

𝐶𝑎 = 𝜇𝑉/𝜎                                                         (Equation 5) 

𝐵𝑜 = 𝜌𝑔𝐷2/𝜎𝑠                                                   (Equation 6) 

𝐹𝑟 = 𝑉2/𝑔𝐷                                                     (Equation 7)                                                

𝑆𝑡𝑒 =
𝐶𝑝(𝑇𝑙 − 𝑇𝑠)

𝐿
                                                  (Equation 8) 

 

Figure 2.16- Possible scenarios during the impact of a droplet onto a surface, a) spreading, b) 

splashing, and c) rebounding. 

 

One or a combination of these parameters could be considered to characterise the 

droplet spreading. In the case of small droplets, and if 𝐵𝑜 ≪ 1 and 𝐹𝑟 ≫ 1, the 

gravitational effects are negligible (Bond and Froude number) [109], [112]–[114]. 

Thus, the dominant forces will be inertial and capillary. The We number (Equation 

1) is the ratio between the inertial and the surface tension forces. The Ohnesorge 

number (Equation 2) is the ratio of the internal viscosity dissipation to the surface 

tension. These two parameters determine the driving force for droplets spreading onto 

the substrate and the resistance force, respectively. At high We numbers, the impact-

induced dynamic drives the droplet outward at the contact line, while at lower We 

numbers, it is pulled out by the capillarity forces.  
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2.4.2. Isothermal spreading of droplets  

To reduce the complexity of the problem, the effects of heat transfer are separated 

from the droplet spreading in this section. Consequently, three parameters suffice to 

characterise the spreading, which are 𝑂ℎ, 𝑊𝑒, and equilibrium contact angle (𝜃𝑒) 

(Equation 9). The wettability of the substrate by droplet is defined by the equilibrium 

contact angle, obtained from the horizontal force balance at the contact line (Figure 

2.17). The correlation of 𝜃𝑒 with the surface tension, the interfacial tension between a 

liquid and a solid surface, and the surface free energy of the solid is given by Young’s 

equation: 

𝑐𝑜𝑠𝜃𝑒 = (𝜎𝑆𝐺 − 𝜎𝑆𝐿)/𝜎𝐿𝐺                                 (Equation 9) 

Where 𝜎𝑆𝐺  and 𝜎𝐿𝐺  are the surface energies of the solid and liquid, respectively, and 

𝜎𝑆𝐿 is the energy at the solid-liquid interface.  

 

Figure 2.17- Illustration of a droplet on a solid substrate with surface free energies and equilibrium 

contact angle. 

 

When a droplet is deposited onto a surface, it does not spread infinitely and pulls back 

to form a spherical cap shape. The droplet spreads more if it has lower surface tension 

and the surface has higher surface energy. The three-phase contact line advances and 

recedes depending on the solid/liquid interfacial energies until it reaches the 

equilibrium condition. If 𝜃𝑒 < 90°, the surface is considered to be wettable by the 

liquid, and the smaller the 𝜃𝑒, the better the wetting conditions.  

The four principal phases during the isothermal impact and spreading of droplets at 

low We numbers and with a high surface tension onto a substrate are the Kinematic, 

Spreading, Relaxation and Wetting phases [112], [113]. At the early stage of impact, 

i.e., the kinematic phase, the contact diameter increases with time (𝐷 ∝ 𝑡0.5), 

regardless of the wettability between the droplet and the substrate [30], [115], [116]. 
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In the spreading stage, the contact line is pushed outward radially until it reaches its 

maximum extent, and the surface forces act against the further spreading of the droplet. 

Here, the dynamic contact angle (𝜃𝑑) is smaller than the equilibrium contact angle 

(𝜃𝑒). It has been shown numerically and experimentally that, as in the kinematic phase, 

wettability does not play a role in the spreading phase [112], [116]. In the first two 

stages, the liquid motion is dominated by inertia forces. The contact line of the droplet 

continues to retract and then advances (𝜃𝑑 > 𝜃𝑒) during the relaxation phase, and the 

dynamic contact angle decreases. During this phase, which usually lasts longer than 

the previous ones, wettability becomes an influential parameter, and it will be 

determined if the droplet will continue to recoil and oscillate or rebound. The receding 

is more significant for surfaces with a poorer wettability condition [117]. Lower Oh 

number and higher We numbers also induce more recoiling [118]. The liquid motion 

in the droplet decelerates at the wetting phase until the droplet dissipates its impact 

energy and obtain a steady contact diameter. The contact angle is equal to the 

equilibrium contact angle in the non-reactive wetting, and the steady contact angle in 

the reactive wetting. The post-spreading dynamics, mainly the oscillations are 

occurring for droplets with a low Oh number. While for the higher Oh number in 

materials such as glycerol, these oscillations are quickly damped by viscous force.  

Schiaffino [119] established an operational regime window for an incompressible flow 

with constant viscosity, obtained from the fluid flow dynamics. He classified the 

characteristics of droplet spreading into four groups based on their driving and 

resisting forces, as shown in Figure 2.18. In Zone one and two, the viscous effects 

during spreading are insignificant. Here, the viscosity influences the dynamics of 

droplets only at the later stages of spreading to slow down the contact line advance or 

dampen the oscillations [120]. The primary difference between these zones is their 

driving force for spreading, which is the impact pressure for zone one (𝑊𝑒 ≫ 1) and 

the capillarity forces for zone two (𝑊𝑒 ≪ 1). Thus, for the impact-driven zone, the 

kinetic energy of the drop just before the deposition determines the subsequent 

outcome. While for the capillarity-driven zone, the interfacial forces play the 

determining role in the final morphology of the droplet. Most metals [42], [120], [121], 

water [120], [122], most DoD printing inks [92], [111] fall in these two categories, 

which is the main target of this thesis.  
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Figure 2.18- The classification of droplet spreading based on their driving and resisting force. 

 

• Effects of impact speed on droplet’s spreading  

Dirkjan et al. [123] studied the impact of water microdroplets under various impact 

velocities, i.e., various We numbers. The shape evolutions of a 60 µm droplet with an 

initial velocity of 0.74 m/s and a 66 µm droplet with an initial velocity of 11.4 m/s are 

shown in Figure 2.19 a and b, respectively. At the low impact speed (We=0.45), the 

spreading was capillary-driven (zone 2 in Figure 2.18), consequently, the shape of the 

droplet changed simultaneously with the spreading. While at the higher impact speed 

(We=119), the spreading was impact-driven, i.e., zone1 in Figure 2.18. In this case, 

the upper section of the droplet remains relatively unchanged during the spreading 

since the spreading time scale is shorter than that of deformation caused by the surface 

tension. At higher impact velocities, the droplet might splash and form a prompt or 

Corona splash [113]. The Prompt splash refers to a scenario in which small droplets 

are generated from the contact line during the early spreading stage when the lamella 

has a high radial velocity. In Corona splash, small droplets are formed around a corona 

rim during the early stages of spreading.  For high impact velocities and mostly for 

non-wetting situations (θ > 90° at equilibrium) [124], droplets may partially recede or 

even completely lift off the surface. In the context of DoD additive manufacturing, 

deposition and spreading are favourable scenarios that permit the construction of 3D 

parts in a drop-by-drop fashion.  
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Figure 2.19- Impact of a water microdroplet of a) 60 µm with an initial velocity of 0.74 m/s 

(we=0.45), and b) 66 µm with a velocity of 11.4 m/s (We=119) onto a solid surface  [123]. 

• Effects of surface wettability on droplet spreading  

The morphology evolution of 49 µm water droplets impacting onto hydrophilic and 

hydrophobic surfaces with a velocity of 4 m/s was investigated by Dong et al. [125], 

as shown in Figure 2.20 a and b, respectively. The contact line increased rapidly 

during the spreading phase for a good wetting condition. This was followed by a slight 

retraction and an eventual and gradual increase, until the equilibrium condition was 

reached. A pancake shape with a very small contact angle (6°) was obtained at the end. 

Similarly, the spreading factor increased rapidly in the spreading phase for a 

hydrophobic surface, however, its extent was more limited than the hydrophilic 

surface. After that, the contact line retracted considerably and spread again. The 

droplet fluctuated several times until it stabilised. The final spreading factor was lower 

in the non-wetting condition, and the contact angle was higher (110°).  

 

Figure 2.20- Evolution of 49 µm water droplets’ shape during the impact and spreading onto a) 

hydrophilic and b) hydrophobic surfaces (the number at the top left of each frame indicates the time 

in µs) [125]. 
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Bayer et al. [124] studied the deposition of 1.4 mm water droplets on a surface with 

various wettability, as shown in Figure 2.21. While the droplet spread to form a small 

equilibrium contact angle for the wettable surface, the contact angle for a partially 

wettable substrate was close to 90°. In the case of a non-wettable surface Figure 2.21 

c, the water droplet bounced off from the substrate. Indeed, ripples were formed on 

the periphery of these droplets due to severe free-surface deformation in this case. 

These oscillations were more pronounced for surfaces with a lower wettability, 

resulting in an eventual rebounding from the surface.  

 

Figure 2.21- Impact of 1.4 mm water droplets with an impact velocity of 0.7 m/s onto a) wettable, b) 

partially wettable, and c) not-wettable substrate [124]. 

 

• Effects of surface tension on droplet spreading 

Pasandideh-Fard et al. [126] investigated the spreading of 2 mm water droplets with 

various surfactant levels, i.e., various surface tensions, onto a stainless steel substrate 

at a velocity of 1 m/s. As shown in Figure 2.22, for all cases, the droplet kinetic energy 
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was not enough to overcome the surface tension (due to a low We number, 𝑊𝑒 = 27), 

consequently, there was no splashing or breaking up. They observed that adding 

surfactant of various levels did not impact the droplet spreading significantly, and its 

influence was only evident during the recoiling stage. This observation was attributed 

to the inertia-dominated nature of the spreading phase and the capillary-dominated 

nature of the recoiling stage. Another important outcome of this experiment was 

observing entrapped bubbles in the central area, where the droplet initially impacted 

the substrate.  

 

Figure 2.22-Droplet morphology evolution during the impact of droplets of a) pure water, b) water 

with 100 ppm of surfactant solution, and c) 1000 ppm surfactant solution  [126]. 

 

2.4.3. Droplet’s spreading and solidification 

For isothermal depositions, the equilibrium contact angle determines the final shape 

of droplets. However, in a non-isothermal process, the final morphology is determined 

simultaneously by the spreading characteristics and solidification behaviour. 

Solidification and spreading for droplets of similar material and dimensions occur in 

altered time scales as a function of the substrate and droplet’s superheat temperatures. 
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Generally, solidification influences droplet deposition by arresting the contact line 

motion and dissipating the kinetic energy of the droplet. The local solidification 

mainly controls the time and location of the contact line arrest during the spreading, 

which usually occurs at the interface with the previously deposited droplets or the 

substrate. The solidification front line can potentially be arrested in various spreading 

phases, i.e., Kinematic, Spreading, Relaxation or Wetting phases, as a function of the 

substrate temperature.  

The key question is if dynamic wetting and solidification are independent phenomena 

or if they occur concurrently. The spreading time for larger droplets is usually shorter 

than the onset of local solidification [119]. However, for microdroplets (especially 

metallic material), the spreading and solidification periods are comparable. It has been 

established in the literature that the droplet follows the iso-thermal spreading 

schematic presented earlier until its base solidifies onto the substrate. Moreover, the 

initial temperature of the substrate (substrate undercooling) does not influence the 

spreading behaviour at any time before the onset of local solidification [40], [115], 

[120].  

Despite the intense research in the field of droplet spreading and solidification, the 

mechanism of contact line arrest remains poorly understood. This ambiguity is 

intensified by the lack of experimental equipment that can fully capture this rapid 

phenomenon [127]. Currently, there exist five hypotheses (Figure 2.23) on how and 

where the contact line of a molten material comes to a halt during the spreading: I) 

The contact line arrests when the dynamic contact angle reaches a critical value, 

defined by the Stefan number (𝜃 ∝ 𝑆𝑡1/2) [120], [128], [129]. The main issue with 

this theory is the prediction of this contact angle due to the singularity of heat flux at 

the trijunction. II) The spreading is halted when a critical volume of liquid at the 

contact front is solidified. Tavakoli et al. [32] obtained the critical volume by solving 

a 1D solidification problem from the contact line. The issue of the hypothesis is the 

accuracy of the solution for solidification at the front line. To date, this theory has only 

been validated for low Stefan numbers and hexadecane droplets. III) The droplet 

spreading is arrested when the temperature at the contact line goes below a critical 

value. At the critical temperature, which is influenced by the kinetic undercooling, the 
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crystal growth rate at the contact line is equal to the front-line velocity. Ruiter et al. 

[30] solved the Navier-Stokes and heat transfer problems locally near the contact line 

to obtain the speed and temperature evolution. This theory has been validated for 

hexadecane droplets only [127]. The main drawback of this hypothesis is that the 

effects of contact resistance and solidification latent heat are neglected to account for 

the rapid wetting in the arrest condition. IV) The contact line arrests when the 

solidified layer, grown from the substrate, reaches the height of the spreading droplet. 

In this theory, it is assumed that the droplet has a final pancake shape. It is also 

considered that the spreading is limited by solidification and not by the surface tension 

or viscous effects, so their effects are neglected. The theoretical results on Sn droplets 

somehow matched the experimental results [31]. V) In this novel approach, the 

underlying physical laws of chemical potentials in the contacting phases set the 

advancement of liquid-solid interface. This approach aims to eliminate the need to 

prescribe the front’s velocity or such feature of process. In other words, the speed of 

solidification at the contact line and its arrest are an outcome of a particular problem 

[115]. This theory promises to overcome the limitations counted earlier, however, 

there is no experimental evidence to prove this hypothesis yet.   

 

 

 

Figure 2.23- Schematic representation of various hypotheses with regards to the mechanism of 

contact line arrest based on: a) the critical solidification contact angle [119], b) solidification of a 

critical volume at the contact line [32], c) the liquid at the contact line reaches a critical temperature 

[30], d) a critical thickness of the droplet is solidified [31]. 
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After the contact line is arrested, liquid parts of the droplet keep oscillating during the 

progressive solidification, whilst the footprints remain unchanged. The oscillations 

continue until they are dampened by the viscous effect, or the droplet is fully 

solidified. For microdroplets in zone one and two in Figure 2.18, the time required for 

viscous forces to dampen the oscillations is very long. Unless the substrate temperature 

is close to the melting point of the droplet, the solidification time is much shorter than 

the damping period. Hence, the oscillations freeze in place and create ripples on the 

periphery of droplets. 

Most research on droplets’ solidification dynamics has focused on millimetre-sized 

droplets. Whereas the research on microdroplets has been hindered by the time and 

size scale of the process. The experimental study on microdroplet solidification is 

limited to the investigation of Attinger et al. [40]. They studied the behaviour of 

eutectic tin-lead solder microdroplets of ~ 80 µm onto a semiconductor P-Si wafer 

coated with a 0.1 µm thickness gold on the top of it. They captured the transient 

morphologies of droplets for substrate temperatures from 48 °C to 135 °C by 

combining the images from various identical impacts taken at multiple sequences from 

a stroboscopic camera (Figure 2.24). The spread factor increased monotonically with 

the substrate temperature up to a certain temperature (98 °C in this case), and it was 

almost constant afterwards. This signifies that the droplet’s solidification occurs after 

an initial spreading at a higher substrate temperature. Whereas the local solidification 

prevents the complete spreading of droplets at lower substrate temperatures. They also 

claimed that the solidification time does not vary monotonically as a function of 

substrate temperature. This is because the maximum droplet height and spread factor 

are not linear with the substrate temperature. Furthermore, they observed that ripples 

only formed on the periphery of droplets at lower substrate temperatures but 

disappeared at higher substrate temperatures.  
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Figure 2.24- Evolution of morphology of solder microdroplets of 210 C onto a gold-coated 

semiconductor substrate a) at 48 C with an impact velocity of 1.54 m/s and b) at 135 C with an 

impact velocity of 1.49 m/s (droplets’ diameters are 80 µm and 84 µm in a and b, respectively) [40].  

 

Even though the dynamics of solidification for millimetre-scale droplets is different 

from the microdroplets, it is essential to review them since they can bring insights into 

the physical phenomena behind this question. Pasandideh-Fard et al. [130] 

photographed the spreading and solidification evolution of 1.2 mm Sn droplets 

impacting on a stainless steel substrate at a velocity of 1.6 m/s for various substrate 

temperatures (Figure 2.25). It was seen that the droplets followed similar dynamics 

before the solidification arrested the contact line. The solidification period was fastest 

for the room temperature substrate and slightly longer for the medium temperature. 

While for the isothermal condition, i.e., the deposition temperature equal to substrate 

temperature, the droplet pulled back after reaching the maximum diameter, raised off 

from the surface and finally fell back to reach the equilibrium contact angle.  
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Figure 2.25- Spreading and solidification evolution of a 1.2 mm Sn droplet onto a stainless steel 

substrate at various temperatures [130].  

 

Gielen et al. [31] used an interesting approach to investigate the dynamics of 

solidification for tin droplets of 1.7 to 2 mm at 250 °C impacting onto a Sapphire 

substrate with a velocity of 0.5 to 5.5 m/s at 39 °C, 150 °C, and 249 °C by capturing 

the bottom and side views. In the isothermal case, the droplet retraction (after the 

initial spreading phase) was followed by a partial bounce-off and detachment from the 

surface (Figure 2.26 a). This was attributed to the poor wettability of the substrate. 

The droplet spreading seemed similar to the isothermal condition before the contact 

line arrests at the lower substrate temperatures and from the typical side view images. 

However, the bottom view images revealed that the spreading was indeed dissimilar 

from the early stages of impact. In non-isothermal cases, air bubbles were entrapped 

in the central zone of the contact. In contrast, the air entrapment was not visible in the 
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isothermal cases, possibly due to the pinch-off and detachment. It was seen that the 

solidification influences both the spreading velocity and the spreading factor.  

 

 

Figure 2.26- Top and side view images during the impact of a 1.7 to 2 mm Sn droplet at a velocity of  

0.5-5.5 m/s onto a Sapphire substrate at a) 249 °C (Isothermal deposition), b) 150 °C, and c) 39 °C 

[31]. 

Whether the equilibrium solidification models can correctly capture the rapid 

solidification of microdroplets is still a debate. Whereas Gielen et al. [31] claimed that 

metal droplet solidification follows equilibrium solidification, Fedorchenko and Wang 

[131] showed that the effects of nucleation delay cannot always be neglected. They 

showed that for Ag, Cu, and Ni microdroplets impacting on an Ag substrate at a 

velocity of 30 m/s, the equilibrium solidification model fails to describe the process, 

while for Al/ Ag, it can be used. Bennett et al. [132], however, demonstrated that 

solidification is mainly governed by heat transfer and not controlled by crystallization 
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kinetics. The high-speed photography of hexadecane and water droplets solidification 

in recent years has strengthened the hypothesis of nonequilibrium solidification. 

Koldeweij et al. [127] investigated the contact line arrest of a hexadecane droplet of 

0.85 mm on a Saphire substrate at a very low impact velocity. Their observations 

validated the hypothesis of Ruiter et al. [30]. As presented in Figure 2.27, the 

interaction of a moving contact line with the crystal nucleation and/or growth results 

in the contact line arrest. As per Figure 2.27-a, if a crystal nucleates at the contact 

line, the contact line gets pinned to the substrate immediately. This random nucleation 

can be caused by heterogonies on the substrate. On the other hand, the contact line 

motion is not influenced by crystals formed away from the fluid front. However, the 

droplet spreading gets arrested if the crystal grows toward and reaches the contact 

front (Figure 26-b-2).  

 

Figure 2.27- Mechanism of contact line arrest in a hexadecane droplet of 0.85 mm gently deposited 

onto a Saphir substrate [127]. 

 

To conclude, a thorough study on the solidification dynamics of micro metallic 

droplets is missing from the literature. Based on the available literature, the iso and 

non-iso thermal spreading cannot be experimentally differentiated until the contact 

line is arrested. Consequently, the substrate undercooling does not influence the 

droplet dynamics before the front is arrested. Hence dynamic wetting and 

solidification can be considered separate phenomena. Moreover, drops are arrested 

more quickly for lower substrate temperatures and a substrate with higher thermal 

conductivity. Last but not least, the monodical increase and decrease of the spread 



Chapter 2: Literature Review  

 

46 

 

factor and solidification contact angle, respectively, as a function of the substrate 

temperature, were reported in most studies.  

2.4.4. Spreading and solidification of multiple droplets 

The physical laws governing the behaviour of successive droplets upon deposition are 

similar to single droplet deposition. In the literature, this topic has been undertaken 

through (I) studying the deposition of successive droplets onto a substrate and in 

adjunct with previously deposited droplets[6], [64], [133], [134] (II) successive 

deposition of droplets in a vertical column  [135]–[137]. In the majority of these 

studies, droplets are millimetre-sized, and to the best of the author’s knowledge, multi-

microdroplet deposition has been scarcely investigated. While the single droplet 

spreading and solidification are uniquely controlled by the interaction with the 

substrate, the multiple droplet deposition (case I) is influenced by the adjunct droplets 

and substrate. The spreading of 𝐷𝑟𝑜𝑝𝑙𝑒𝑡𝑛+1 is restricted by the footprint of the 

𝐷𝑟𝑜𝑝𝑙𝑒𝑡𝑛, moreover, solidification of the new deposited droplet is massively 

influenced by the increase of the contact surface area with the previous droplet.   

• Droplet next to droplet deposition 

Li et al. [13] studied the deposition of successive Al droplets onto a substrate through 

numerical modelling and experimental observation (Figure 2.28). They demonstrated 

that the horizontal solidification ripples on the surface of the 1st droplet transfer to L-

shaped ripples on the 2nd droplet surface. This is due to a layer-by-layer solidification 

of the droplet from interfaces with the substrate and previously deposited droplet. They 

also demonstrated that the cooling speed of 𝑑𝑟𝑜𝑝𝑒𝑙𝑡2 is higher that 𝑑𝑟𝑜𝑝𝑙𝑒𝑡1 because 

of the increased contact surface in the former. Moreover, they reported the formation 

of inter-droplet pores because the second droplet could not fill the space between the 

solidification ripples.  
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Figure 2.28- a) Horizontal and L-shaped solidification ripples on the surface of the 1st droplet and 

2nd droplet, respectively. b) numerical simulations predicting the formation of solidification ripples 

inter-droplet pores [13]. 

 

Dou et al. [138] studied the interaction between two consecutively deposited solder 

droplets (300 µm) and its consequences on the final droplet morphology as a function 

of the substrate temperature. They showed that at low and high substrate temperatures 

(Figure 2.29 a and b), where the interfacial temperatures are lower and higher than 

the melting point of the metal, respectively, landing errors occur. The landing error is 

the displacement of droplets from their original landing location due to the surface 

tension prior to the solidification. Based on numerical modelling, they suggested an 

interval for the substrate temperature, where the landing error is minimized. Qi et al. 

[139] used a simple geometrical model to predict the required overlap between 

droplets to attain high-density 3D parts.  

 

Figure 2.29- Final morphology of solder successive solder droplets as a function of Al substrate 

temperature [138]. 

 

Some studies investigated the effect of centre-to-centre distance and jetting frequency 

in the final morphology of lines printed by DoD-MJ [8]. If the centre to centre distance 

between droplets is too hight, scalloped or discontinuous lines are formed. However, 
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too much overlap can cause staircasing (lift-up lines) or bulging lines (when the 

delayed solidification permits surface tension effects to bring droplets together). They 

proposed a process map to avoid all these defects and obtain a straight line when 

printing Al 4043 on polyimide substrates. 

• Droplet on droplet deposition  

Haferl et al. [83] studied fluid dynamics and solidification of solder microdroplets 

impacting on previously deposited microdroplets, i.e., on curved surfaces, using a 

numerical and experimental approach. As demonstrated in Figure 2.30, the droplet 

spreading is significantly influenced by the surface curvature of pre-deposited droplets 

compared to the spreading behaviour on a flat surface. Moreover, the effects of initial 

substrate temperature Figure 2.30 a-c on the morphology of the second droplet are 

more significant than the effects of the jetting velocity Figure 2.30 d-f. 

 

 

Figure 2.30- Effects of substrate temperature a)25 C, b) 75 C, c) 125C and jetting velocity d) 1.12 

m/s, e)1.38m/s, f)1.63 m/s on the morphology of solder pillar made by microdroplets of 80um in 

diameter (modified) [83]. 

 

Liu et al. [141] investigated the heat accumulation issue during printing pillars of 1 

mm droplets in Al 7075 alloy. They demonstrated that the heat accumulation 

deteriorates the pillar morphology and eventually causes a loss of accuracy. At a 
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constant deposition frequency, there is not enough time for previously deposited 

droplets to fully solidify before the impact of the following droplet. As a result, the 

liquid mass increases continuously (Figure 2.31), this liquid portion spreads more, 

and the final solidified diameter is larger.  

 

Figure 2.31- a) Evolution of solid fraction in time, b) the diagram of remelting zone during the 

deposition of a pillar of Al alloy droplets [141]. 

 

2.4.5. Bonding at the interfaces 

There are three mechanisms of bonding during the droplet deposition. First, physical 

adsorption, where two surfaces are joined together through the weak van der Waals 

forces. Second, strong metallurgical bonding through melting the interface of substrate 

or previously deposited droplets. Third, diffusion of atoms between the substrate/ 

previously deposited droplet and the droplet, leading to epitaxial growth or formation 

of an intermetallic (IM) layer in dissimilar materials. The bonding level in the substrate 

melting is the strongest, hence, it is more favourable; however, a considerable energy 

level is required for this type. The substrate acts as a heat sink because of its significant 

mass difference from the droplets. Thus, droplets dissipate their thermal energy into 

the substrate at a high rate without significantly affecting the substrate temperature. In 

the literature, the bonding has been investigated in three levels (I) droplet to substrate 

bonding, (II) bonding between neighbour droplets, and (III) bonding between droplets 

deposited on the top of a previously deposited droplet. Despite slight differences, 
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arising from the differences at the contact surfaces, the underlying physics behind the 

bonding for all these levels is similar. 

 

• Droplet-to-substrate bonding  

Adhesion of droplets to the substrate is a crucial aspect of the process in technologies 

such as thermal spraying, interconnects in integrated circuits, and DoD-MJ. The 

mechanism of bonding in thermal spraying processes is different from other processes. 

The high impact velocities in these processes cause high strain rate deformations at 

the interfaces, leading to thermal softening and adiabatic shear instability, 

consequently bonding at the interfaces [142]. While in the DoD-MJ, droplets are 

gently deposited onto the substrate, hence, the bonding is attributed to the droplets’ 

thermal energies, and their kinetic energies are not influential. Among the three 

bonding mechanisms counted earlier, only the bonding through remelting has been 

investigated in the literature to date.  

In a study by Zarzalejo et al. [139], a millimetre-scale Stainless Steel (SS) droplet at 

2500 °C formed a strong bond to a room-temperature SS substrate through melting. 

As shown in Figure 2.32, the maximum melting depth (98 µm) was obtained at the 

droplet’s centreline, with no melting at the edges. In another study [132], 3 mm in 

diameter lead droplets at 460 °C demonstrated poor bonding to room-temperature Al 

and Cu substrates, as evidenced by droplet curling up from the edges. In these cases, 

the adhesion to the substrate was not strong enough to overcome the thermal stresses 

generated during the cooling and solidification processes. However, for droplets of 

similar conditions, the bonding to the Pyrex substrate at room temperature was 

considerably improved such that a razor blade was needed to remove them from the 

substrate. 
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Figure 2.32- Cross-section of a xx mm Stainless Steel (SS) droplet at 2500 °C on a SS substrate at 30 

°C, a) 50 x magnification, b) close zoon at the interface [139]. 

The warping of Cu microdroplets from the edges of a Cu substrate was observed in 

more recent DoD-MJ studies [26]. This observation was correlated to the lack of 

bonding at the interface, which in turn resulted in no constraint from the substrate to 

residual stress-induced deformation. According to the numerical results presented in 

the study, the poor bonding was initiated from the insufficient energy at the interface 

to melt the substrate and promote metallurgical bonding. Similarly, Simonelli et al. 

[11] found that Ag microdroplets were loosely attached to a Cu substrate in a DoD-

MJ process due to the lack of metallurgical bonding at the interfaces (Figure 2.33 a). 

Moreover, they observed that a 200 nm Ag layer supersaturated in Cu formed at the 

interface (Figure 2.33 b-c).   

 

Figure 2.33- Single Ag droplet on a Cu substrate a) FIB-SEM image indicating a poor bonding to the 

substrate, b) the element distribution at the interface, c) EDX of the zone in (b) with Ag depicted in 

green and Cu in orange [11]. 
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• Droplet-to-droplet bonding 

The bonding between droplets sets the integrity and consistency of printed parts in the 

droplet-based AM processes, and its mechanisms are similar to the drop-substrate 

bonding. A strong inter-droplet bonding is achievable through remelting the interface 

with the previously deposited droplets, for which the jetting frequency, droplet and 

substrate temperatures should be carefully selected. Chao et al. [143] demonstrated 

the effects of increasing the droplet and substrate temperatures on improving the inter-

droplet bonding of 1.2 mm Al 7075 droplets in the DoD-MJ process, as shown in 

Figure 2.34. Their study showed that by selecting a correct set of parameters, the 

interfacial temperatures exceeded the material’s melting point, and good metallurgical 

bonding was obtained. However, excessive initial temperatures caused over-melting 

at the interfaces, leading to the loss of geometrical fidelity. Yi et al. [63] examined the 

mechanism of hole-defect formation in 3D parts from 1 mm droplets of 7075 Al alloy. 

It was shown that these pores were formed due to an incomplete fusion and filling of 

molten metal between neighbouring droplets. They suggested that this issue can be 

eliminated by correctly selecting the droplets and substrate temperatures. In a study 

about the deposition of 2.2 mm Sn droplets, Ghafouri-Azar et al. [134] demonstrated 

that the overlap between the droplets is another influential parameter in defining inter-

droplet bonding. The centre-to-centre distance determined whether the initial contact 

point of the second droplet is with the previously deposited droplet or the substrate.  

 

 

Figure 2.34- The inter-droplet bonding at various droplet and substrate temperatures. a) 𝑇𝑑𝑟𝑜𝑝 =

660 °𝐶 & 𝑇𝑠𝑢𝑏 = 350 °𝐶, b) 𝑇𝑑𝑟𝑜𝑝 = 700 °𝐶 & 𝑇𝑠𝑢𝑏 = 450 °𝐶, c) 𝑇𝑑𝑟𝑜𝑝 = 740 °𝐶 & 𝑇𝑠𝑢𝑏 = 500 °𝐶 

[143]. 
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Yi et al. [61], [63] investigated the effects of surface morphology and droplet/ substrate 

temperatures on the inter-droplet bonding during the DoD-MJ of Al 7075 (1 mm). 

They demonstrated that even if the conditions for a metallurgical bonding through 

remelting are theoretically provided, the presence of inter-droplet pores hinders a 

strong inter-droplet bonding. These pores are created since the molten material cannot 

fill the empty spaces created by the solidification ripple. The lack of consolidation 

stems from the consequent poor heat exchange through the porous areas. Figure 2.35 

demonstrates that the metallurgical inter-droplet bonding is obtained at the droplet’s 

top which is the initial impact region between the droplet and is free of ripples. While 

closer to the substrate, where the ripples are more present, the remelting does not 

occur. Similarly, Simonelli et al. [11] demonstrated that the lack of inter-droplet 

bonding between Ag microdroplets is due to the lack of heat content in these droplets 

to melt the interfaces of previously deposited structure. Lack of inter-droplet bonding 

has also been reported in other DoD processes such as LIFT [79], and is believed to 

reduce the mechanical and electrical properties of the printed structures.   

 

Figure 2.35- a) temperature evolution of the 1st droplet during the deposition of the second droplet at 

four locations based on the numerical simulations, b) Lack of inter-droplet bonding at zones with 

pores [63]. 

 

The main reason for the lack of bonding is the low interfacial temperature. This has 

been reported in various techniques, such as thermal spraying. In most cases, by 
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increasing the substrate temperature, better bonding between the individual 

droplets/droplet and substrate was obtained [144].  

• Droplet-on-droplet bonding 

Several studies have been conducted to investigate the optimal process windows to 

obtain a good inter-droplet bonding in a vertical column of successive droplets [81], 

[93]–[95]. These studies were usually accompanied by an analytical solution or 

numerical modelling to predict the minimum requirement to obtain a good bonding 

through interface remelting. Fang et al. [145] studied the effects of droplet 

temperature, substrate temperature, and deposition frequency on the bonding level of 

vertical columns of Sn droplets (600 µm) deposited onto Al substrates. They 

concluded that a good bonding is obtained if the temperature at the tip of the column 

is maintained close to the metal’s melting point. To this end, the jetting frequency 

should be decreased as the column height increases. In another study [67], the 

remelting condition based on a simple analytical model (1D heat transfer) was 

predicted as a function of droplet and substrate temperatures (Figure 2.36 a) for Sn 

droplets. The results were somehow in agreement with the experimental results, where 

0.75 mm Sn droplets of various droplet and substrate temperatures were deposited in 

vertical columns (Figure 2.36 b-e). 

 

Figure 2.36- a) the melting and no-remelting conditions predictions based on an analytical model in 

various droplet and substrate temperature ranges for Sn droplets. Cross-section of vertical columns 

of 0.75 mm Sn droplets at b) 𝑇𝑑 = 275 𝐶 and 𝑇𝑠 = 100 𝐶, c) 𝑇𝑑 = 275 𝐶 and 𝑇𝑠 = 190 𝐶, d) 𝑇𝑑 =

250 𝐶 and 𝑇𝑠 = 100 𝐶, e) 𝑇𝑑 = 325 𝐶 and 𝑇𝑠 = 100 𝐶 [67]. 
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• Quantitative characteristics of bonding  

To the best of the author's knowledge, the level of droplet-droplet and droplet-

substrate bonding in the context of DoD-MJ has not been experimentally measured to 

date. The bonding strength in the thermal spraying process, which is a function of 

particle impact velocity, particle size, material properties, and initial temperatures 

[146], has been numerically estimated in some studies [147], [148]. However, only a 

few attempts have been made to measure the adhesion of single droplets in thermal 

spraying techniques, which is due to the technical difficulties originating from the 

micro-scale dimension of droplets [149]. Besides, the adapted methods are suitable for 

thin films and not applicable for DoD-MJ, where droplets keep a spherical cap shape 

on deposition.  

Balic et al. [149] measured the adhesive strength of a single Alumina droplet on a steel 

substrate in the cold spraying process. They used the indentation technique, as 

demonstrated in Figure 2.37, followed by the interfacial droplet-substrate crack 

propagation. Through energy conservation, they assumed that the increase of 

indentation strain energy is fully expended to grow the interfacial crack. This approach 

may provide reasonable results for thin droplets, where the force application causes 

delamination. However, the technique is expected to fail in the case of strongly 

adhered droplets of ductile materials or spherical droplets.  

 

Figure 2.37- In situ SEM instrumented indentation showing the a) droplet before and b) after 

applying the force [149]. 
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2.4.6. Microstructure  

During solidification, the metal or alloy undergoes a transformation from a non-

crystallographic to a crystallographic state. It is essential to obtain information about 

the mechanism of solidification, which defines the microstructure of the solid object 

and eventually sets the mechanical properties of parts. When a liquid material is 

undercooled below its equilibrium melting temperature, the driving force for 

solidification (𝐺𝑙 − 𝐺𝑠) may cause the appearance of dendrites. This transformation 

requires the presence of small solid particles or nuclei. In such cases, a spherical solid 

may nucleate inside the liquid and, later, grow in a preferred growth direction. 

However, in the absence of impurities or a contact surface, the liquid temperature can 

go below the freezing temperature without the onset of solidification (undercooling, 

also called supercooling) [150]. This condition for large undercooling is provided in 

processes such as thermal spraying or DoD-MJ when printing pure metals. For 

example, it has been reported that Si droplets can be undercooled under suitable 

conditions up to 234 K below the melting point [151]. The solid particles or nuclei 

grow in the undercooled liquid, and simultaneously the latent heat of solidification is 

conducted into the liquid. The interface of these initial spherical particles becomes 

unstable; thus by virtue of minimizing the surface energy, the surface will become 

smaller. 

Consequently, the primary arms develop in crystallographic directions, meaning the 

tip of dendrites grows sharper. The primary arms keep growing until they become 

unstable and break up into secondary and tertiary arms. This shape is called a dendrite. 

The directional growth of dendrites in a specific crystallographic direction, for 

example, in the direction of heat flow, leads to the formation of columnar grains. The 

equiaxed structure results from a random growth of the dendrites without a preferential 

orientation towards the heat-flow direction. There are several explanations for such a 

grain structure: (I) the dendrites side-arms melting off, which will be then carried by 

convention in the fluid and act as seeds for new dendrites [152]. (II) the alloy’s 

liquidus temperature may change due to the accumulation of solutes in the liquid, thus, 

the material can be undercooled. This is a sufficient condition for the creation of 
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multiple nucleations [153]. In general, the equiaxed polycrystalline microstructures 

are more favourable since it suppresses the anisotropy in mechanical properties [154]. 

Considering the challenges associated with the in-situ temperature monitoring in DoD-

MJ processes, the final microstructure observation can be a powerful tool to provide 

some information about the process. The microstructure of the droplets and variation 

in the substrate microstructure contains critical information about the cooling rates 

during the solidification and cooling processes. Moreover, it can provide information 

about the occurrence of substrate melting and its depth. This section reviews the 

microstructural observations of single and multiple droplets in the literature.  

• Single droplet  

In a study investigating the microstructure of single 7075 Al alloy droplets of 0.8 mm 

in diameter, Zuo et al. [58] reported that the microstructure of the droplet’s bottom 

section, where most ripples are present, is mainly directional. The transition of 

microstructure demonstrated various cooling speeds inside the droplets. In the upper 

sections with non-directional microstructure, second and even third dendritic arms 

were visible (Figure 38). The refined vertical grains growing from the substrate show 

a faster solidification rate in these zones. The coarse non-directional dendrites in the 

top section result from a slow solidification rate. Amon et al. [155] investigated the 

microstructure of 1-4 mm Stainless Steel (SS) droplets with an initial temperature of 

2000 °C to 2500 °C impacting on an SS preheated substrate at 300 °C. The droplets 

had martensite and Widmanstatten ferrite microstructure, which is consistent with the 

high solidification rate in the process. They also examined the substrate and found that 

far from the interface, the structure was ferrite-pearlite, with larger grains transforming 

to more refined grains closer to the interface. At the substrate interface, where the 

substrate melting occurred, the grains had martensite and ferrite structures, but the 

depth of remelting could not be precisely estimated. Indeed, the droplet’s high thermal 

energy originated from the initial droplet’s temperature and the latent heat of 

solidification provided conditions for austenite - ferrite transformation at the interface. 

Consequently, the substrate melting could not be distinguished from the solid-state 

phase transformation. Bishop et al. [153] investigated the primary and secondary 

dendrite arm spacing of pure Cu and SS droplets (in the order of millimetres) to obtain 

information regarding their cooling speed during solidification. The cooling rate of Cu 
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droplets was 10470 °C/s and 5380 °C/s when deposited onto a Cu and SS substrate, 

respectively. These results demonstrated the role of the substrate’s thermal 

conductivity on the cooling rate and eventually on the microstructure of solid 

structures.  

 

Figure 2.38- SEM images of a single 7075 Al alloy droplet showing a) the droplet’s morphology, b) 

internal microstructure in the transition zone between ripples and rosette regions, c) the 

microstructure of the rosette area (images modified from [58]). 

 

Bennett et al. [132] studied the microstructure of 3 mm lead (𝑇𝑚 = 328 °𝐶) droplets 

impacting on Cu, Al, and Pyrex surfaces under various substrate temperatures and 

jetting velocities (1.7 to 2.4 m/s). They observed that the solidification initiates below 

the melting point of lead. They correlated the amount of undercooling to the spreading 

dynamics of droplets by varying the impact velocity. They concluded that as the Re 

number increased, the amount of undercooling decreased, but they could not explain 

the physics behind it. They also observed that the substrate’s thermal conductivity 

significantly influenced the grain size and structure. The top surface SEM images of 

droplets demonstrated a pre-dendritic, cellular microstructure for the Cu and Al 

substrates but not for the Pyrex substrate (Figure 2.39 a-c). Moreover, the average 

grain size for Cu and Al substrate was 10 µm, while the smallest grain on the Pyrex 

substrate was 100 µm. The interface of droplets had a rough pattern similar to their 

corresponding Cu and Al substrates, while it had a relatively smooth surface for the 

Pyrex substrate (Figure 2.39 d-e). Surprisingly, the substrate temperature or impact 

velocity did not influence the grain size in their experiments. Nagashio et al. [151], 

[156] investigated the structure formation at the interface of the millimetre-sized Si 

droplets deposited onto Si substrate at low impact velocities. It was observed that the 

solidification occurred radially from the centre toward the edge. While non-faceted 
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denticities were observed in the centre, the grains’ structure was equiaxed in the 

borders. Moreover, their results suggested that the microstructure formation was 

controlled by nucleation in various undercooling temperatures.  

 

Figure 2.39- SEM images of the top surface of a 3 mm lead droplet deposited at 495 °C onto room 

temperature a) Cu, b) Al, and c) Pyrex substrates. d-c) SEM images of the droplet-substrate 

interfaces of the corresponding cases [132].  

 

• Multiple droplets  

In studies performed by Zhang et al. [58] and Zuo et al. [157], the predominant grain 

structure of Al alloy pillars printed by 1 mm droplets was columnar (Figure 2.40). 

The only region with equiaxial grains was the interface between droplets where 

remelting occurred. 

 

Figure 2.40- The microstructure of a pillar made of 7075Al alloy droplets of 0.8 mm [58]. 
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Idell et al. [158] studied the microstructure of as-built Sn parts made through DoD-

MJ. They observed large, irregular, and elongated grains orientated along the build 

direction having only 𝛽-Sn phase. They observed that the microstructure in the pileup 

regions resembled a partially heat-treated pure metal. Indeed, the heat flow from the 

newly deposited droplets was enough to initiate recrystallization within the existing 

grains, transforming them from large irregular into several equiaxed grains.  

Although the results obtained from these studies provide insights into the grain 

structure of millimetre-sized droplets, they are not comparable with the microstructure 

obtained from the microdroplet deposition. It is mainly due to the higher cooling rates 

during the solidification of microdroplets, which is expected to result in a more refined 

microstructure.  To the author's knowledge, the microstructure of droplets at a micro-

scale has not been investigated to date. 

2.4.7. Residual stress  

To the best of the author's knowledge, the quantitative measurement of residual 

stresses in the structures built by metal jetting techniques has not been addressed in 

the literature. Although X-ray microdiffraction is an established technique for residual 

stress measurement, it is limited to interaction volumes of 50 to 800 µm. 

Consequently, it is challenging, even impossible, to reproduce an accurate focus onto 

small droplets in DoD-MJ processes. Furthermore, the residual stress signal acquired 

in this method is an average value over the interaction volume. Thus, it is impossible 

to distinguish the contributions of various directions in the sample.  

In a study, Ruiter et al. [159] concluded that the bending stress due to shrinkage of the 

Sn millimetric-size droplet as they cool down leads to self-peeling of droplets if they 

surpass the adhesion strength. They demonstrate that the droplets self-peel from a 

silicon substrate, whereas the droplets stick to a glass substrate under similar 

conditions. Similarly, for water drops, the generation of bending stresses due to 

solidification has been shown to result in dramatic cracking and fragmentation events 

[31]. Kant et al. [160] reported self-peeling phenomena in Hexadecane droplets of 1.58 

mm impacting on the substrate at 2.8 m/s, which was not similar to the delamination 

of metallic droplets reported in earlier studies. Whereas molten Sn drops peeled from 

the edges, the delamination of Hexadecane drops occurred predominantly in the 
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central region of the frozen droplet. Interestingly and in contrast to metal drops, the 

increase in undercooling reduced the extent of delamination (Figure 2.41). The 

thermomechanical stresses developed during the cooling and solidification provided 

the required force for the delamination of the frozen droplet through a relative 

movement of the solidified material, which had a transient crystalline phase.  

 

Figure 2.41- Experimental images during the solidification of Hexadecane drops, showing the 

delamination behaviour for undercooling of a) ∆T= 4.5 K, and b) 11 K [160]. 

 

2.5. Modelling of droplet deposition  

As soon as a droplet is deposited onto a surface, a flow is set in motion until the 

equilibrium contact angle is obtained. The mathematical description of the spreading 

of a viscous liquid onto a surface is an interesting physical process that has attracted 

extensive research effort for over half a century [161]. Many engineering applications 

such as cooling hot surfaces (e.g., electronic circuits), internal combustion engines, 

spray coating, aviation industry (ice formation on the surface of aerofoils), and 

droplet-based additive manufacturing benefit from understanding and predicting fluid 

spreading. Despite numerous attempts and some promising progress in the past 

century, the accurate simulation and prediction of the droplet morphology during 

deposition have been hindered by the lack of understanding of its underlying physical 

phenomena. On another note, modelling the residual stress evolution during the 

droplet deposition, which is highly dependent on the thermal profile, is very important. 

In this section, a summary of various modelling approaches to address these modelling 

problems is presented. 
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2.5.1. Modelling of droplet spreading (isothermal) 

Numerical modelling of droplets spreading onto a surface brings higher spatial and 

temporal resolutions than any experiment and sheds light on the hidden physical 

phenomena at a lower cost and time. Hence, the importance of such modelling, yet a 

highly challenging task from a numerical point of view due to the simultaneous 

occurrence of multi-scale events in both time and space. In this thesis, we categorize 

the theoretical approaches into three categories: (I) investigating the full fluid 

mechanical problem by solving the Navier-Stokes equations, (II) scaling solutions, in 

which an order of magnitude of various terms in the Navier-Stokes is estimated to 

bring a broad understanding of the effect of various dimensionless parameters, (III) 

the prediction of the spreading factor using the energy conservation equations. 

• Solving Navier-Stokes solution  

The fluid flow over a solid surface is governed by the Navier-Stokes equations for an 

incompressible flow. The conservation of mass and momentum are obtained by  

𝜕𝜌

𝜕𝑡
+ 𝛻. (𝜌𝑢) = 0                                      (Equation 10) 

𝜕(𝜌𝑢)

𝜕𝑡
+ 𝛻(𝜌𝑢𝑢) − 𝛻[𝜇(𝛻𝑢 + 𝛻𝑢𝑇)] +  𝛻𝑝 = 𝐹                     (Equation 11) 

Where 𝜌, 𝑢, 𝑝, and 𝐹 are the fluid density, speed, pressure, and external force related 

to the surface tension, respectively. In order to solve the Navier-Stokes equations, the 

wall boundary conditions, surface tension, and dynamic contact angle need to be 

addressed carefully. These topics are discussed in the following.  

Wall boundary condition: 

The primary challenge in solving this problem arises from the inherently multi-scale 

nature of the moving contact line. The hydrodynamic description of the liquid motion 

on a solid surface is incompatible with the no-slip boundary condition. Consequently, 

the classical boundary conditions in the Navier-Stokes equations are inadequate to 

describe the contact line motion, such that the no-slip condition at the solid surface 

leads to an unbounded velocity gradient which results in stress singularity at the 

contact line. A second problem is connected to the dynamic contact angle in the 

dynamic wetting process that depends on the contact line motion and the fluid flow in 
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the vicinity of the moving contact line [162]. Despite extensive research in this field 

in the past century, the accurate prediction of droplet morphology during deposition 

has been hindered by the inefficiency of classical Continuum Methods in describing 

the dynamic wetting phenomenon. This phenomenon, which is usually in the 

mesoscopic scales, is related to microscopic phenomena, thus impossible to be 

understood through classical continuum methods. 

Besides the Continuum Mechanics approach, there are several other mechanisms to 

obtain the solution of the contact line motion, including the Molecular Dynamic 

methods, Lattice Boltzmann methods, and Diffuse-interface or recently Phase field 

Methods.  

In the molecular-kinetic approaches [163], [164], the macroscopic behaviour of 

contact line motion is described through a thermally activated process and is obtained 

from overall molecular displacements (adsorption/desorption) within the three-phase. 

If the absorption of liquid molecules is more frequent in the forward direction than 

their desorption in the reverse direction, the contact line will advance.  

In the Lattice Boltzmann methods, intermolecular interaction forces are integrated into 

the governing equations for the particle distribution functions. The intermolecular 

interaction forces are obtained by minimizing the systems’ total free energy [165].  

In the diffuse-interface models, thermodynamics coupled with hydrodynamics are 

applied to the fluid flow. An auxiliary order-parameter variable (i.e., phase-filed) is 

included in the Navier-Stokes equations, where its value varies from one inside the 

droplet to zero in the surrounding phases. The transition between these two extreme 

values takes over thin interfacial layers is referred to as the diffuse interface. This 

technique resolves the stress singularity at the moving contact line [166].  

Based on the size scale of the problem and the required level of description, the 

numerical framework can be chosen. Even though Molecular Dynamics, Lattice 

Boltzmann, and Phase filed methods provide a detailed description of the problem and 

the singularity problem at the contact line can be avoided, these methods can only be 

used for sub-micron scales due to the substantial computational efforts they require in 

bigger scales. Consequently, the continuum theory is still widely used and is 
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implemented in most commercial software packages. The singularity problem is 

usually solved by allowing for slip or partial slip (Navier slip) at the contact line to 

relax the singularity issue. However, these methods are not fully applicable at the 

micro-scale level and can potentially lead to false results. The only continuum model 

that claims to solve the singularity issue was proposed by Shikhmurzaev [167] and is 

known as the interface formation model. A detailed review of various approaches is 

done by Sui et al. [168]. 

Surface tension:  

The surface tension can be implemented into the equations using various models. The 

most common model is the Continuum Surface Force (CSF) established by Brackbill 

et al. [169], in which the surface tension force is approximated as a body force defined 

by 

𝐹 = 𝜎𝑘∇𝛼                                                  (Equation 12) 

Where 𝑘 is the curvature of the free surface (gas-liquid interface) and is given by local 

gradients of the surface normal 

𝑘 = ∇.  𝑛̂                                                   (Equation 13) 

𝑛̂ is normal to the interface and is defined as the normalised volume fraction gradient 

𝑛 =
∇F

|∇F|
                                                       (Equation 14) 

Dynamic contact angle:  

The definition of static angles is insufficient to describe the complex physics at the 

trijunction point during the droplet spreading. Hence, it is important to account for the 

dynamic contact angle, which varies as a function of inertial and viscous forces. 

Various models describe the dynamic contact angle, most of which correlate the angle 

to the contact line velocity. Examples are Kistler[170], Shikhmurzaev [167], Cox 

[171] and the Quasi-Dynamic Contact Angle Models [172]–[174], which are most 

widely used due to their simplicity. In the Quasi-Dynamic model, a constant advancing 

or receding contact angle is imposed when the contact line spreads or recoils, 

respectively. Despite its simplicity, the receding and advancing contact angle should 
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be obtained from experiments. Gohl et al. [172] compared the various mentioned 

dynamic contact angle models as a boundary condition in their equations with the 

spreading factor and dynamic contact angle shown in Figure 2.42. All models follow 

the experimental data of spreading factor except the quasi-dynamic model, which 

spreads too much because of the small contact angle estimation. Their results showed 

that Shikhmurzaev’s model is the best in predicting the experimental observations. 

 

Figure 2.42- a) Spreading factor and b) dynamic contact angle evolution of a glycerol droplet 

impacting on a hydrophilic substrate using various dynamic contact angle models [172]. 

 

A large number of computational studies on the droplet impact and spreading, solving 

the full fluid mechanical problem, have been conducted to date [114], [126], [175]. 

Most of these models reasonably agree with experimental results for large droplets 

(above millimetres) at high impact velocities. The reason is that at higher impact 

velocities, the kinetic energy of droplets is more important than the surface energy; 

hence the surface tension and contact angle effects become eventually negligible. 

However, investigation on the impact and spreading at low We number [174], where 

the capillary forces are influential, and for microdroplets [116], [176] is still limited 

only to a few studies. Sprittles and Shikhmurzaev [116] demonstrated the influence of 

substrate wettability on the spreading mechanism and final morphology of 

microdroplets (D= 50 um) at V= 5 m/s, as shown in Figure 43. Their computational 

framework, which solves the full fluid mechanical problem using the interface 

formation model, brought insights into aspects which were not measurable in 
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experiments. The droplets spreading on hydrophobic and hydrophilic substrates were 

identical at the early stage (t= 5 µs), where inertia is the dominant force. Later, when 

the wettability became influential, droplets on a non-wetting surface rebounded while 

fully spreading to the equilibrium contact angle in the substrate with good wetting 

conditions.  

 

Figure 2.43- Spreading of a microdroplet (D=50 um) at Re = 130 (V=5 m/s) on a hydrophilic 

substrate (grey) and a hydrophobic substrate (green) at dimensionless time scales (t=1 → t=5 us) 

[116]. 

• Scaling solution 

In this approach, proposed by Schiaffino [119], the fluid mechanic's basics and 

dimensionless parameters, such as Oh and We numbers are used to describe the 

droplet’s characteristics on spreading. In this method, the objective is not to find an 

exact solution to the Navier-Stokes equations; instead, solutions to the droplet 

dynamics are obtained by estimating an order of magnitude for various terms (for 

example, by their average values). Based on this analysis, the droplet dynamics are 

categorized into different zones, as explained in Section 2.4.1. The oscillation time of 

droplets at the low We and Oh numbers are obtained by 

𝑡𝑜𝑠𝑐 = 2.3√𝜌𝑥3/𝜎                                             (Equation 15) 

Where x is the liquid droplet height. During this period, droplets wobble up and down 

until the viscous effects dampen their movement or they solidify (in non-isothermal 

deposition). The damping period for a droplet in Region II (Figure 2.18) is calculated 

via 

𝑡𝑑𝑎𝑚𝑝 = 0.035
𝑥2

𝜗
                                            (Equation 16) 
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Owing to its simplicity, this method has been extensively used in droplet-based studies 

to estimate the governing forces of droplet spreading and to estimate the oscillation 

and damping time scales [111], [123], [177]. However, these analytical solutions do 

not provide an in-depth understanding of the droplet dynamics nor predict their final 

morphology. Such analysis can only be used to better interpret the experimental 

results.  

• Solving energy Balance equations 

As opposed to solving a full or partial fluid mechanical problem, some studies have 

used the energy balance to predict the spreading factor of droplets upon impact [108], 

[118], [178]. 

𝐸𝑘 + 𝐸𝑠1 = 𝐸𝑠2 + 𝐸𝑣                                     (Equation 17) 

In which 𝐸𝑘 is the initial kinetic energy of the droplet, 𝐸𝑠1 is the surface energy of a 

spherical droplet before the impact, 𝐸𝑠2 is the surface tension energies after impact, 

and 𝐸𝑣 is the vicious energy the droplet dissipates upon impact (the work done in 

deforming the droplet against viscosity). The initial energy of the droplet is: 

𝐸𝑘 =
𝜋

12
𝐷0

3𝜌𝑉0
2                                           (Equation 18) 

𝐸𝑠1 = 𝜋𝐷0
2𝛾                                            (Equation 19) 

Where 𝐷0 is the droplet’s initial diameter, 𝜌 is the density, and 𝑉0 is the impact 

velocity. The surface and vicious energies are calculated in various manners. The 

common assumption of these models is that drops have a disc-like morphology when 

it reaches their maximum spreading factor. Moreover, they assume that the droplet’s 

kinetic energy dissipates entirely at the impact.  

Chandra and Avedisian [179] integrated both viscous energy dissipation and surface 

tension in the energy balance equation and considered the wettability effects through 

the advancing contact angle for droplets spreading onto preheated substrates and 

obtained: 

9/2𝐷4

𝑅𝑒
+

3(𝐷2(1 − 𝑐𝑜𝑠𝜃) − 4)

𝑊𝑒
= 1                             (Equation 20) 
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Their model overestimated the spreading factor values by up to 40% compared to the 

experimental results due to the inaccuracy of the viscous energy dissipation modelling. 

Pasandideh-Fard et al. [126] further developed the model of Chandra and Avedisian 

by modifying the viscosity term in the energy balance equation: 

𝐷 = √
𝑊𝑒 + 12

3(1 − 𝑐𝑜𝑠𝜃) + 4(𝑊𝑒/√𝑅𝑒)
                                (Equation 21) 

Chandra and Avedisian assumed that kinetic energy was dissipated in the total droplet 

thickness. In contrast, Pasandideh-Fard et al. considered a viscous boundary layer at 

the solid-liquid interface. This adjustment improved the agreement between the 

experimental and predicted results to 15%. However, this equation is not accurate at 

low Weber numbers since the assumption of a thin boundary layer is no longer valid. 

Mao et al. [180] modified the model established by Chandra and then further 

developed by Pasandideh-Fard et al. through a novel expression of the surface tension 

of the flattened disk and obtained: 

[0.2 𝑂ℎ0.33𝑊𝑒0.665 +
1

4
(1 − cos 𝜃)]𝛽𝑚𝑎𝑥

2 +
2

3
𝛽𝑚𝑎𝑥

−1 =
𝑊𝑒

12
+ 1        (Equation 22) 

They claimed that their model could predict the spread factor with 90% of accuracy 

when compared to the experimental data from various sources. This was confirmed in 

a study by Attané et al. [178].  

These models may reasonably estimate the droplet spreading for a specific set of 

process parameters, particularly for large droplets. However, they do not perform well 

on the micro-scale.   

2.5.2. Modelling of droplet solidification 

In the non-isothermal conditions, where the droplet is deposited onto a surface at a 

temperature below the droplet’s melting point, the contact line will be arrested to the 

substrate, and the entire droplet will solidify in the next stage. There have been several 

attempts to simulate the spreading and solidification during the droplets depositions 

by solving the full fluid dynamic and heat transfer problem with 2D [35], [181] and 

3D models [13], [36], [37], [182]. In a less complex approach, some authors have 
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solved the heat transfer problem without considering the fluid mechanic aspects [155], 

[183]–[185].  

• Solving Energy Conservation with the Navier-Stokes solution 

Solving for a full fluid flow and heat transfer solution in droplet deposition combines 

the challenges of isothermal deposition and contact line arrest. However, accurate 

prediction of the final morphology and temperature field requires a complete 

numerical solution of the continuity, momentum and energy equations. The 

solidification is accounted for by adding a source term (S) to the continuum equation 

[13], [63], [181], [186], which is equal to zero when the droplet is liquid and a very 

large value when the droplet is fully solidified. In the solid state, the source term is 

predominant in the momentum equation, resulting in no fluid motion. A finite 

intermediate value based on the solid fraction in the mushy zone is considered.  

𝜕(𝜌𝑢)

𝜕𝑡
+ 𝛻(𝜌𝑢𝑢) − 𝛻[𝜇(𝛻𝑢 + 𝛻𝑢𝑇)] +  𝛻𝑝 = 𝐹 + 𝑆                (Equation 23) 

The drag concept [181] can be used to define the source term via 

𝑆𝑖 = 𝐷𝑅𝐺 = −𝐾𝑢𝑖                                         (Equation 24) 

In which 𝐾 varies between zero and infinity, such that the drag, defined based on 

Equation 25 varies between 0 and 1. 

𝐷𝑅𝐺 =
1

1+𝛿𝑡𝐾
= {

                       1                                                  𝑖𝑓 𝑇 > 𝑇𝑙𝑖𝑞

((1 + 𝛿𝑡𝐾(𝑇𝑙𝑖𝑞 − 𝑇))/(𝑇𝑙𝑖𝑞−𝑇𝑠𝑜𝑙))
−1              𝑖𝑓 𝑇𝑠𝑜𝑙 < 𝑇 < 𝑇𝑙𝑖𝑞  

                     0                                                  𝑖𝑓 𝑇 < 𝑇𝑠𝑜𝑙

  

(Equation 25) 

Some studies [13], [35], [63] integrate the source term through a similar concept but 

using a different formulation 

𝑆 = −
𝑓𝑠

2

(1 − 𝑓𝑠  )3
 𝑢                                               (Equation 26) 

where 𝑓𝑠 is the solid fraction, and its value varies between zero and one and is 

defined by 
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𝑓𝑠 = {

  0                                                  𝑖𝑓 𝑇 > 𝑇𝑙𝑖𝑞

𝑇𝑙𝑖𝑞 − 𝑇/(𝑇𝑙𝑖𝑞 − 𝑇𝑠𝑜𝑙)                     𝑖𝑓 𝑇𝑠𝑜𝑙 < 𝑇 < 𝑇𝑙𝑖𝑞  

  1                                                  𝑖𝑓 𝑇 < 𝑇𝑠𝑜𝑙

       (Equation 27) 

Along with the Navier-Stokes equations, the heat transfer inside the droplet needs to 

be addressed by solving the conservation of energy (Enthalpy equation) 

𝜕(𝜌𝐻)

𝜕𝑡
+ 𝛻(𝜌𝑢𝐻) = 𝛻. (𝑘𝛻𝑇𝑑)                                 (Equation 28)  

Where H represents the enthalpy equation. To consider the effects of the latent heat 

release, defined by an appropriate change in the enthalpy during the solidification [13], 

[35], [37], [181] 

𝐻 = ∫𝐶𝑝(𝑇𝑑)𝑑𝑇𝑑 + 𝐿(1 − 𝑓𝑠)                                 (Equation 29) 

The heat exchange between the droplet and the substrate is usually added to the heat 

transfer formulation as a boundary condition [36], [134], [187], where Fourier’s 

equation is solved via  

𝑞 = ℎ(𝑇𝑠 − 𝑇𝑑) =
(𝑇𝑠 − 𝑇𝑑)

𝑅𝑐
                                    (Equation 30) 

Where q is the heat flux at the interface, and h is the heat transfer coefficient. The heat 

transfer coefficient varies as a function of the temperature and position. However, a 

constant value obtained from experimental observations is adapted in most studies. 

The heat transfer between the droplet and substrate is the primary cooling mechanism 

in droplet cooling, during which the thermal contact resistance plays an essential role 

and should be taken into consideration. Thermal interface resistance occurs whenever 

two solids of different or similar materials are brought together to form an interface 

[188]. As shown in  Figure 2.44, the imperfections at the interface come into play in 

the macroscopic (flatness) and microscopic (roughness) levels [189], [190] to partially 

impede the heat transfer between surfaces.  
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Figure 2.44- Thermal resistance at the interface at a: macroscopic and b: microscopic levels [189]. 

Although it is well known that this parameter has a major influence on the heat transfer 

between two surfaces, no universal model can predict the resistance between the 

surfaces to date [190]. In previous works in the literature, it was either arbitrarily 

chosen [13], [181] or neglected altogether [4], [25], [184], [191] due to the lack of 

information on how to estimate it. In some prior research, this parameter was 

experimentally measured, however, the response time of temperature sensors is 

usually longer than the spreading time of the droplets, which can lead to inaccuracies 

in the results [136]. Aziz et al. [192] calculated the thermal contact resistance between 

molten Sn droplets and a stainless-steel substrate by matching the measured surface 

temperature variation with an analytical solution. Their measured values varied been 

10−6  𝑚2𝐾/𝑊 and 5 × 10−6  𝑚2𝐾/𝑊. Similarly, Kumar et al. [35] estimated the 

thermal contact resistance between Al–33 wt.% Cu droplets and stainless steel at  

7 × 10−4  𝑚2𝐾/ 𝑊. Trapaga et al. [181] considered several values of thermal 

resistance ranging between 10−4  𝑚2𝐾/𝑊 and 10−6  𝑚2𝐾/𝑊 for Cu droplet 

impinging on a Cu substrate.  

The heat transfer within the substrate occurs through conduction and is governed by  

𝜌𝑠𝐶𝑠𝜕𝑇𝑠

𝜕𝑡
= ∇(ks ∇T𝑠)                                    (Equation 31) 

Commercial FE solvers such as ANSYS, Flow-3D, COMSOL or numerical 

frameworks have been used to solve these equations. To simplify the numerical 

solution, the effects of heat radiation, thermal resistance, and temperature-dependent 

thermo-physical properties have been ignored in most studies, yet solving these 

multiscale problems requires a large computational effort. One of the main problems 

with the heat transfer solution is the singularity at the trijunction, where, effectively, 
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an infinite heat flux occurs. In most cases, simplifications to avoid heat transfer and 

spreading singularities lead to further errors. The inaccuracy of numerical solutions 

for the micro-scale droplets can be higher than millimetre-size droplets. To the best of 

the author’s knowledge, the full fluid mechanics and heat transfer solution of droplet 

deposition have not yet been achieved to date. The promising conceptual and 

mathematical framework by Shikhmurzaev [115] proposed in 2021 is the first 

singularity-free modelling of non-isothermal solidification so far developed. In 

traditional solidification theories, the solidification front advances as a function of 

temperature, activation energy, enthalpy, or such concepts. While in Shikhmurzaev’s 

approach, the front speed and contact angle are obtained from the underlying physical 

laws describing them, instead of being prescribed as an initial input to the model. The 

possibility of solving such equations and the accuracy of results obtained from this 

model are yet to be proved.  

• Solving the Heat Transfer equations without considering the fluid flow  

To manage the computational challenges in solving the full fluid and heat transfer 

problems and in a computationally efficient modelling approach, droplet spreading 

has been considered a precursor to droplet solidification in some studies. Thus, the 

droplet geometry was kept constant during the heat transfer solution. In this approach 

that has been used in the context of 3D free from fabrication [193], L-PBF [194], 

thermal spraying [195], and droplet-based AM [26], the Fourier heat transfer equation 

is solved via   

𝜕

𝜕𝑥
(𝑘

𝜕𝑇

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝑘

𝜕𝑇

𝜕𝑦
) +

𝜕

𝜕𝑧
(𝑘

𝜕𝑇

𝜕𝑧
) + 𝑄 = 𝜌𝑐

𝜕𝑇

𝜕𝑡
                    (Equation 32) 

Where k is the thermal conductivity, 𝜌 is density, and L is the latent heat of 

solidification. Since the fluid flow during spreading is ignored in such modelling, a 

conductivity multiplier (𝐾𝑓𝑎𝑐𝑡𝑜𝑟) is often used to account for the convection effects at 

temperatures above the melting point of materials [196] 

𝐾𝑒𝑓𝑓 = 𝑐𝑚𝑓𝐾                                             (Equation 33) 

where 𝐾𝑒𝑓𝑓 is the effective thermal conductivity and 𝑐𝑚𝑓 is the conductivity multiplier 

factor, which is greater than one and is a function of the Nusselt number (𝑁𝑢), the 
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droplet height (𝑥), and the interface length. 𝑐𝑚𝑓 has been experimentally measured in 

several studies [4], [184], [196] and is equal to 2.  

 

Most authors [184], [193] have considered the latent heat of fusion by an increase in 

the material’s specific heat during the phase transition via 

𝐶𝑒𝑓𝑓 = {

𝐶                        𝑇 < 𝑇𝑠

𝐶 +
𝐿

∆𝑇
                   𝑇𝑠 ≤ 𝑇 ≤ 𝑇𝐿

𝐶                       𝑇 > 𝑇𝐿

                      (Equation 34) 

Commercial FE packages such as ANSYS or ABAQUS have been used to solve the 

equations using this approach. In these studies, the authors have usually ignored the 

thermal contact resistance at the interface, thus, overestimating the temperature. 

Moreover, for large droplets, the temperature gradient inside the molten droplet results 

in surface tension variation that drives a Marangoni-type flow. For such cases, the 

effective thermal conductivity cannot fully capture the flow of the fluid. 

• Solving the Stefan problem without considering the fluid flow 

Stefan problem, the simplest form of mathematical description of phase transition, are 

free boundary problems that are widely used to estimate the solidification front during 

the deposition processes [67], [184], [192], [196], [197]. One-dimensional 

solidification was used to obtain the solution to the problem. S(t) is the interface or the 

freezing front, where two semi-infinite media, i.e., liquid and solid, are considered at 

0 < 𝑥 < 𝑆(𝑡) and 𝑆(𝑡) < 𝑥 < ∞, respectively. The solidification problem is defined 

via [198] 

𝐶𝑠𝜌𝑠

𝜕𝑇𝑠

𝜕𝑡
= 𝐾𝑠

𝜕2𝑇𝑠

𝜕𝑥2
    0 < 𝑥 < 𝑆(𝑡)                                  (Equation 35)  

𝐶𝑙𝜌𝑙

𝜕𝑇𝑙

𝜕𝑡
+ 𝐶𝑙𝜌𝑙𝑢𝑥

𝜕𝑇𝑙

𝜕𝑡
= 𝐾𝑙

𝜕2𝑇𝑙

𝜕𝑥2
    𝑆(𝑡) < 𝑥 < ∞                (Equation 36)  

The latent heat of solidification can be considered with adjustments similar to what 

was previously explained. By applying the Neumann solution, the analytical 

expression of the solidification front can be obtained by [67], [155] 
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𝑆(𝑡) =

[
 
 
 
𝑘𝑠(𝑇𝑚 − 𝑇𝑠)𝑒

𝜆2

√𝛼𝑠𝑒𝑟𝑓𝑐(𝜆)
− kl

(𝑇𝑙 − 𝑇𝑚)𝑒
−𝜆2(

𝛼𝑠
𝛼𝑙

)

√𝛼𝑠𝑒𝑟𝑓𝑐 (𝜆√
𝛼𝑠

𝛼𝑙
 )

]
 
 
 

.
2√𝑡

𝜌𝐿√𝜋
               (Equation 37) 

This equation ignored the thermal resistance effect at the interface, which can 

significantly alter the results. Using a similar approach and accounting for the thermal 

contact resistance, the temperature at the interface can be obtained using [192], [199]  

𝑇𝑖𝑛𝑡 = 𝑇𝑠𝑢𝑏−𝑖𝑛𝑡 + (𝑇𝑑 − 𝑇𝑠𝑢𝑏−𝑖𝑛𝑡) [1 − exp (
𝛼𝑠𝑡

𝑅𝑐
2𝑘𝑠

2
) erfc (

√𝛼𝑠𝑡

𝑅𝑐𝑘𝑠
]    (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 38) 

This equation has been used [63] to estimate the minimum droplet and substrate 

temperatures to achieve a strong metallurgical bonding through melting the substrate 

or remelting the previously deposited droplets. Figure 2.45 shows this concept for Al 

7075. The remelted zone highlighted in green indicates the optimal droplet and 

substrate temperature ranges, where the interface temperature is above the melting 

point.  

 

Figure 2.45- The optimal droplet and substrate temperature ranges to obtain a good metallurgical 

inter-droplet bonding for 7075 Al alloy according to equation 38 [200]. 

 

It should be noted that these values are just an approximation since the morphology of 

droplets and the effect of fluid flow are not taken into account in this equation. 
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• Solving the Energy Balance equations and considering the solidification  

The maximum extent of spreading can be obtained by equating the droplet's initial 

(kinetic) energy to the sum of the surface energy at the maximum spreading and the 

energy dissipated during spreading and solidification. Madejski [201] established one 

of the first analytical models to predict the spreading factor considering viscous energy 

dissipation, surface tension effects and solidification simultaneously by solving the 

Stefan problem. Several approximations were introduced in the attempt to simplify the 

problem: (I) the droplet was modelled as a cylindrical disk with a laminar fluid flow, 

(II) the substrate wettability in the energy balance was neglected (Equation 17), (III) 

droplet temperature was at its melting point, (IV) the solidification at the impact was 

instantaneous, and (V) the solidification front advanced in the equilibrium limit at the 

rate in which the latent heat was dissipated to the substrate. The numerous 

simplifications incompatible with rapid solidification theories can be seen as the main 

reason for the difference between experimental and numerical data. Collings et al. 

[102] accounted for the surface and interfacial energies between the droplet, substrate 

and ambient gas (substrate wettability effect) in the energy balance equation. The use 

of Young’s equation (Equation 9) significantly limited the application of their model 

to equilibrium conditions. Moreover, they neglected the viscous energy dissipation. 

Pasandideh-Fard et al. [130] included the effect of droplet solidification in their 

equation by assuming that the solidified layer contains no kinetic energy and obtained 

𝐷 = √
𝑊𝑒 + 12

3(1 − 𝑐𝑜𝑠𝜃) + 4(𝑊𝑒/√𝑅𝑒) + √3𝑆𝑡𝑒/(4𝑃𝑒)
            (Equation 39) 

However, the effects of thermal contact resistance were neglected, heat transfer was 

supposed to be one-dimensional heat conduction with the substrate, and the substrate 

was considered isothermal. Due to the inaccuracy of these estimations, the results were 

not accurate at high Stefan numbers, for example, in the case of a tin droplet deposited 

on a cold surface. Aziz et al. [192] updated Equation 39 by solving the heat transfer 

for the 1D conduction problem and obtained  

𝐷 = √
𝑊𝑒 + 12

𝑊𝑒𝑆𝑡𝑒√3𝛾𝑠/2𝜋𝑃𝑒𝛾𝑑 + 3(1 − 𝑐𝑜𝑠𝜃) + 4(𝑊𝑒/√𝑅𝑒)
         (Equation 40) 
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Yet, in this model, the thermal contact resistance was not taken into account, and the 

properties of droplet and substrate were not temperature dependent. These models can, 

to some extent, predict the spreading factor at higher impact speeds. However, they 

overestimate the maximum diameter at low impact speed where the droplet forms a 

bid shape rather than a flat thin layer which can be considered a boundary layer to 

estimate the viscous dissipation.  

2.5.3. Modelling of residual stress development 

As soon as droplets solidify, residual stresses develop due to the thermal gradient 

between the deposited droplet and substrate or previously deposited material. The 

magnitude of these residual stresses evolves as the cooling continues, and 

delamination at the interfaces may occur if they surpass a specific limit. The in-situ 

measurement of residual stresses during the deposition process is not possible to this 

date. Also, measurement of the final state of residual stress at the scale of a single 

droplet is challenging. Consequently, modelling is the only alternative to bring 

insights into the mechanism behind the residual stresses evolution, and it has the 

potential to find solutions to mitigate their detrimental effects. Despite the large 

research efforts in simulating droplets' dynamics and temperature evolution during 

deposition, only a few attempts were made to simulate the evolution of residual 

stresses on cooling and solidification. 

 Researchers in other fields, such as high-impact thermal spray processes, have 

extensively studied the modelling of residual stress evolution [202]–[204]. However, 

the residual stresses in these processes build-up due to the plastic deformations 

resulting from high impact velocities. The impact of particles is usually analysed 

through an explicit and dynamic temperature displacement under high strain rates. 

Simulations of coating processes, in which thermal stresses are generated due to the 

different CTE (Coefficient of Thermal Expansion) and impact-generated stresses are 

not considered, share similar principles with the DoD-MJ process. In these studies, the 

majority of authors [205]–[207] have considered 2D axisymmetric models in which 

the droplets are modelled as thin solid disks. They have used FE analysis to calculate 

the thermally induced strains and the consequent thermal stresses.  
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Despite the different working principles, the mechanism of distortions and residual 

stress generation in the AM metal process is similar [208]. The thermal contractions 

and expansions during the deposition, cooling, and solidification, while the part is 

constrained by the substrate or rest of the body, originate the residual stresses. Most 

authors have used sequentially-coupled thermomechanical solutions to simulate the 

residual stress evolution in DED [209], [210] and L-PBF [194], [211], [212] processes. 

In Microcasting, thermomechanical models based on similar formulations were used, 

where droplets were modelled as 2D disks as per Figure 2.46 [38]. Chin et al. [38] 

solved 1D thermal and 2D axisymmetric mechanical problems using custom and 

commercial FE codes to simulate the residual stress evolution in a single droplet. They 

further extended their model to simulate the residual stress development in successive 

droplet deposition [191]. Klingbeil et al. [213] used the same modelling approach to 

investigate the residual stress-induced warping and compared their results to their 

experimental observation. Simulation results showed high tensile stresses in the 

droplet and the top portion of the substrate at the steady state, which could be 

significantly improved by substrate preheating. They showed that the maximum stress 

near the interface decreased by 170 MPa and 270 MPa when the substrate was 

preheated to 473 K and 673 K, respectively. In addition, as shown in Figure 2.47, the 

authors observed that despite a transient change in temperature and, consequently, 

stress field during the deposition of various layers, the final residual stress state is not 

substantially different at the end of each layer, independent of the deposition rate 

[191]. 

 

Figure 2.46- Geometry and boundary condition of the 2D thermomechanical model in the 

microcasting process [191]. 
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The mechanical solutions used in these two studies had accuracy limitations due to the 

inability of 1D thermal solutions to accurately represent the multi-dimensional 

conduction effects seen experimentally. Moreover, several phenomena were ignored: 

the effects of fluid flow and contact line arrest, the contact resistance, the mechanical 

induced temperature changes, and a perfect bonding between the droplet and substrate 

was assumed. These approximations can have a significant impact on the accuracy of 

the results.  

 

Figure 2.47- a: temperature and stress in a fixed point on the substrate for slow rate deposition, b: 

final radial stress distribution for one and multilayers during slow and rapid deposition [191]. 

 

2.6. Characteristics of 3D printed structures  

Despite the diversity of research on various aspects of droplet deposition, very little 

attention has been paid to analysing the properties of the 3D objects produced by these 

deposition techniques. Among these studies, the density, the surface finish, the 

electrical conductivity, and the mechanical properties of parts have been investigated. 

A summary of these studies is reviewed in this section.  

2.6.1. Surface finish 

One of the main concerns related to DoD-MJ, according to the literature, is the poor 

surface finish of printed parts [139], [214], [215]. In these studies, the overlap between 

droplets and the printing strategy were counted as the main process parameters 
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influencing the surface quality. In other studies [216], droplet and substrate 

temperature effects were also accounted for as influencing factors. It was shown that 

the more extended solidification period reduces the height deviation of the droplets 

and consequently improves the final surface finish.  Qi et al. [215] improved the 

topography of printed 3D cubes by optimising the overlap distance of 270 µm droplets 

in Sn60– Pb (Figure 2.48). Due to the large droplet size in most DoD-MJ techniques, 

controlling the surface finish remains challenging.  

 

Figure 2.48- a) 3D topography of a cube from 270 µm solder droplets, b) top view image, and c) 

roughness profile in the red arrow indicated in (b) [215]. 

 

2.6.2. Electrical conductivity 

One of the main advantages of metal jetting compared to ink jetting is the potential 

high electrical conductivity of printed parts through this technology, thanks to the 

direct deposition of metal without the need for carrier inks. However, the electrical 

conductivity of the components can be reduced due to poor inter-droplet bonding or 

oxidation of the droplets. Dou et al. [9] demonstrated that by optimising the droplets’ 

overlap and substrate temperature, the electrical resistivity of printed lines of Sn solder 

printed by DoD-MJ on plastic substrates could be as low as the bulk metal as shown 

in Figure 2.49. 
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Figure 2.49- a) printed Sn lines using DoD-MJ and its cross-sectional view, b) the electrical 

resistivity of printed lines vs. the bulk material [9]. 

 

Jehle et al. [217] used a four-point measurement to evaluate the resistance of lines in 

a printed electronic circuit by the StarJet technology. The line resistance of solder 

droplets printed on Au-pads in PCBs increased from 13.8 ± 0.6 𝑚Ω to 119.0 ±1.4 𝑚Ω 

as the pad’s distance increased from 1 mm to 3 mm. These measurements can be a 

good indication of the level of bonding. Simonelli et al. [11] reported that despite a 

metallurgical bonding between droplets, the electrical resistivity of printed structures 

in Sn was slightly higher than the bulk material (1.79 Ωm against 1.17 Ωm). They 

concluded that the loss of conductivity is related to small porosity by gas entrapment 

between contacting droplets or geometrical inaccuracies. The electrical conductivity 

of inkjet printed parts is usually one or more orders of magnitude lower than these 

reported values; hence, metal jetting still offers an advantage.  

2.6.3. Density  

High porosity is one of the main concerns in metal AM where even small porosities 

(less than 1%) will affect the mechanical properties of parts, such as fatigue. Higher 

porosities (more than 5%) can detrimentally affect the monotonic mechanical response 

[218]. The relative density of the printed parts is a good indicator of the porosity level. 

Despite its significant importance, not much research on the density measurement of 

DoD-MJ parts has been conducted to date. Among which, IDell et al. [158] 



Chapter 2: Literature Review  

 

81 

 

demonstrated that the density of printed parts in pure Sn was almost identical to the 

feedstock material (7.31 𝑔/𝑐𝑚3 against 7.32 𝑔/𝑐𝑚3). Himmel et al. [219] 

demonstrated that the density of Al 4047 billets made of 1.15 mm drops increased 

almost linearly with the interface temperature. The interface temperature depends on 

the droplet and substrate temperatures and can be obtained by solving the Stefan 

problem. The relative density of these 3D objects can be as high as 98% when the 

interface temperature is close to the material's melting point. High-density 3D 

structures (above 99.9%) were obtained from DoD-MJ of pure tin microdroplets [11]. 

The same study used high-resolution X-ray micro-computed tomography (µCT) to 

estimate the porosity of as-build and sintered parts. As shown in Figure 2.50, the 

volume fraction of porosity for a 3D Ag part was estimated at 8% for both cases, even 

when no inter-droplet bonding was observed. The results demonstrated that the heat 

treatment does not reduce the porosity level but significantly changes its morphology. 

The irregular elongated porosity of as-built parts (originated from the inter-droplet 

gaps) changes to a spherical shape due to droplets necking in the sintered parts.  

 

Figure 2.50- Reconstructed porosity (in red) obtained through X-Ray CT scan in a) as-built and b) 

sintered DoD-MJ Ag samples [11]. 

 

2.6.4. Mechanical properties  

To the best of the author’s knowledge, only three references have investigated the 

mechanical properties of DoD-MJ parts to date. Zou et al. [220] demonstrated that the 

tensile properties of AA7075 aluminium alloy specimens (droplet size ~ 1.5 mm) 

fabricated by a DoD metal jetting system were comparable to those of as-cast and 
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extruded bar samples. It was shown that by applying a suitable substrate/ droplet 

temperature adjustment, which leads to a good inter-droplet metallurgical bonding, 

high tensile strength of 373 MPa could be achieved. This is better than as-cast and 

very close to the extruded bar specimens. Besides, a comparable elongation (~9.5 %) 

to extruded bar samples was achieved in that case. These results were obtained due to 

a good inter-droplet metallurgical bonding and microstructure. As shown in Figure 

2.51, the fracture behaviour of the material changes with incremental changes in the 

droplet and substrate initial temperatures. A more ductile transgranular fracture can be 

observed if the correct set is applied. Overheating or underheating negatively 

influences the microstructure or bonding level, respectively, and thus worsens the 

fracture properties. 

Similarly, the tensile properties of 4047 Al alloy samples were investigated at various 

droplet/ substrate temperatures [219]. It was concluded that adequate interfacial 

temperatures could be obtained if an appropriate ratio between the droplet and 

substrate temperatures were used, resulting in very good mechanical properties. The 

tensile strength of the bars was 373 MPa with an elongation of 9.95%, which are very 

similar to the extruded samples. It was also seen that as the interface temperature 

increases, the elongation increases linearly (reaching a maximum value of 12%), and 

the yield strength decreases. Idell et al. [158] measured the hardness of structures in 

Sn printed through an MJ-DoD process with an orifice of 400 um. The VHN values 

were 7.5±0.6, 8.2±0.8, and 8.0±0.6 for the tin feedstock, cross-sectional orientation, 

and plan-view, respectively, which can be correlated to the tensile strength of 25±2 

MPa, 27±3 MPa, and 26±2 MPa. These values are comparable to the feedstock 

material produced by conventional manufacturing technologies, despite the larger 

grain size and a strain-relieved microstructure obtained in this DoD-MJ process.  



Chapter 2: Literature Review  

 

83 

 

 

Figure 2.51- SEM images of tensile fractography for DoD-MJ as-deposited AA7075 aluminium for 

various droplet/substrate temperature combinations [220]. 

 

2.7. Summary of Literature Review  

The literature review highlighted that the additive manufacturing of meso-scale and 

high-temperature metallic structures with high structural integrities and high 

resolutions through a rapid process is still not addressed. DoD-MJ opens new avenues 

to achieve these targets, however, the research in this field is still limited. It was also 

discussed that MHD actuators offer the opportunity to explore higher temperature 

materials at higher resolutions without scarifying the production rate (jetting 

frequency). To date, there are only two MHD DoD-MJ devices: (I) the Xerox liquid 

metal printer, which is limited to ejection of Al droplets of 500 um, (II) MetalJet, 

which has the potential to overcome the challenges associated with high temperature 

and droplet size. It was observed that due to the novelty of this technology, there is 

little published data about this topic. 

Since DoD-MJ is a droplet-based technology, extensive previous studies about droplet 

behaviour from ejection to solidification can be used to understand the fundamental 
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aspects of the process. The literature demonstrated that despite fundamental 

differences in the physics of droplet formation using various actuation techniques and 

materials, there are some similarities in sequences of droplet formation, pinch-off, and 

satellite formation, in particular for the MHD and Piezoelectric actuators. However, 

the formation of high-temperature metallic droplets at a micro-scale is still absent in 

state of the art. It was also shown that despite decades of research on modelling the 

droplet deposition, the complex physics at the trijunction point during the microdroplet 

spreading at low We number is not yet solved.  

The bonding at droplet-droplet and droplet-substrate levels in the context of DoD-MJ 

are limited to low- to medium-temperature materials. Moreover, due to the limited 

number of research in the field, the underlying physics of interface formation is not 

yet elucidated. It was seen that the microstructure of objects built through this 

technology had received scant attention in the research literature. Finally, up to now, 

far too little attention has been paid to the residual stress evolution in the droplet 

deposition process, which can be detrimental to the final quality of printed objects. 

This can cause undesired delamination at the interface if not well controlled.  

 

2.8. Research problem and motivation 

Owing to its novelty, the physical factors governing the quality and properties of the 

net shapes produced by the MetalJet system are yet to be comprehensively understood. 

This consists of temperature at the interfaces, which defines the level of bonding, the 

cooling rate, which is one of the key factors to control for a desired microstructural 

development, and the residual stresses, which may lead to distortion and/or de-

bonding. The lack of knowledge in this regard limits the optimisation of the process 

for particular applications and poses a challenge to the ultimate exploitation of the 

technology. However, investigating these important aspects of the process 

experimentally is challenging due to the resolution limitations of the experimental 

techniques available and the time and size scales involved. A powerful alternative 

method of investigation is via computational simulation of the process, though this 

also faces challenges and limitations, as explained in the literature review.  
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2.9. Aim and objectives of the study 

This thesis aims to comprehensively understand the MHD metal jetting (MetalJet) 

process and establish a scientific basis for selecting process parameters to produce 

consistent 3D structures that meet the desired quality in terms of mechanical or 

electrical performances. In other words, to provide insight into the droplet formation, 

spreading, solidification, interface formation mechanisms, residual stress, and 

microstructure evolution during printing metallic microdroplets using DoD-MJ.  

To achieve this aim, the following technical objectives were set: 

1. Experimental characterisation: 

• Investigating the droplet formation and its characteristics in flight. 

• Evaluating the morphology of deposited droplets. 

• Assessing the adhesion of individual droplets to the substrate and interface 

formation.  

• Evaluating the inter-droplet bonding. 

• Studying the microstructure evolution of deposited droplets. 

2. Analytical modelling: 

• Determining the dynamics of liquid droplets. 

3. Computational modelling: 

• Predicting the solidification and cooling of molten micro-droplets onto the 

substrate. 

• Predicting the evolution of residual stresses during the cooling process. 

• Establishing the optimal processing windows. 

The finite element modelling enables the prediction of temperature evolution of the 

droplets and substrate during solidification and cooling. These simulations allow the 

investigation of features of the process beyond the resolution available to experimental 

analysis. Moreover, the time scales of droplets’ oscillation and damping obtained from 

analytical methods provide information on the dynamics of droplet spreading. The 

combination of analytical and FE modelling yields the final morphology of droplets 

under various process conditions. Moreover, validated numerical models would 

provide a predictive tool for the deposition process to investigate the effect of 

operating conditions such as initial droplet and substrate temperatures on the 
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temperature distribution, the thickness of remelting, and cooling rates of the droplet 

and the substrate.  
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3. Methodology 

 

 

 

This study uses an integrated experimental, analytical, and computational approach to 

investigate the deposition of single and multiple droplets onto substrates using the non-

commercial MetalJet process (Figure 3.1). The morphology of the droplets of various 

materials under various process parameters was studied. Later, the interface between 

the droplets and substrate and between droplets were examined using multiple 

characterisation techniques to investigate the level of bonding between them. In 

parallel, a computational model was established to predict the thermal evolution of the 

droplets and substrate, as well as the residual stress evolution during the deposition of 

single and multiple droplets. The intensive computational effort to simulate the 

spreading dynamics of droplets was avoided by utilising the experimentally observed 

morphology of droplet and implementing this into a 3D Finite Element (FE) thermo-

mechanical model. The convective effects in the liquid droplets were considered by 

applying a modified thermal conductivity for the liquid metal.  

The thermal resistance between the droplet and substrate, and temperature-dependent 

material properties were also considered. It is believed that this combined 

experimental and modelling approach provides a sufficiently accurate and 
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computationally efficient method for investigating the MetalJet process to achieve the 

aim of the study. 
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Figure 3.1- Flowchart summarising the methodology used in the thesis. 
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3.1. Experimental 

MetalJet, a bespoke DoD AM technology which adopts MHD actuation for droplet 

generation, was used in this work. Description of the system, technical set-ups, and 

material used are explained. Additionally, the characterisation techniques used to 

examine the quality of the parts are presented.  

3.1.1. MetalJet platform 

In MetalJet, 3D parts are built in a droplet-by-droplet fashion using an MHD actuator, 

in which molten metal is expelled from the orifice in a controlled manner by an 

electromagnetic force (Lorentz force). The schematic representation of the platform is 

presented in Figure 3.2. Initially, the conductive metal in the form of rods or shots is 

melted inside a cartridge by induction heating and flows toward the orifice by gravity. 

The induction heating is controlled by a High Frequency (HF) generator (Himmel HU 

2000 +), and the temperature is monitored by a one-colour pyrometer (METIS M309, 

Sensortherm GmbH). A 1.3M pixel long working distance USB microscope (Dino-

lite, AM4113T) is used to adjust the pyrometer's position and capture images during 

experiments. The pyrometer used in the current system reads temperatures above 650 

°C; consequently, the heating is performed manually and gradually through the HF 

generator by the user until reaching this temperature. At 700°C, a PID (Proportional, 

Integral, and Derivative) temperature program is used to control the temperature.  

 

The phase transformation temperature is monitored during the cooling down process 

to ensure the temperature reading by the pyrometer is accurate. The jetting 

temperatures should be recalibrated based on this reading if the actual temperature 

(phase transformation temperature) differs from the read temperature. For 

temperatures higher than 1000 °C, a second Radio Frequency (RF) heating source can 

be used through the electrodes. This local heating is applied (I) to reduce the thermal 

gradient between the top section of the cartridge, where the induction heating is 

applied, and the actuation chamber (shown in Figure 3.3) and (II) to avoid overheating 

the metal and mitigate the evaporation possibility. For this purpose, a Sine waveform 

with a frequency of 50 kHz and a maximum amplitude of 3.5 V is used.  
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Figure 3.2- Schematic representation of MetalJet platform. 

 

Close to the orifice, a magnetic field is produced by two permanent magnets with a 

magnetic flux density (B) of 2 T. A variable electrical current (I), in the range of 20 A 

to 120 A, is provided through two electrodes, which are in contact with the liquid metal 

via the cartridge and are placed perpendicular to the magnetic field direction. The 

current pulses are controlled by a waveform generator (Agilent Technologies, 

33220A) and are amplified by the current amplifiers (ServoWatt DCP780/30A). As a 

result of these magnetic and electrical fields, a manageable Lorentz force (𝐹⃗ = 𝐼  ×  𝐵⃗⃗) 

is created to eject droplets through the orifice. In specific cases, an overpressure of 

350 mbar on the top of the cartridge is supplied by a high purity argon gas. Gas 

purging, which is applying a higher overpressure (1000 mbar) through the same 

channel, can be used to unclog a temporarily blocked nozzle.  

 

The particular concept of using Lorentz force to produce metallic microdroplets 

alongside the specific design for the cartridges were invented by Rasa et al. [28]. 

Figure 3.3 presents a close view over the tip of the cartridge where the electrodes are 

in direct contact with the molten metal inside the actuation chamber. To maintain a 

tight sealing where the electrodes are in contact with the fluid, a spring force is exerted 

on the electrodes, pushing them into the fluid chamber. The electrodes are made of 
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tungsten (W), suitable for carrying high currents, while being resistant against high 

temperatures. The magnetic field is initially provided by the magnetic material of 

NdFeB and is locally focused close to the orifice using pyramid-shape iron 

concentrator elements. The permanent magnets used in the system may lose their 

magnetization properties above ~ 80 °C, so they are thermally isolated and are 

permanently cooled with the cooling units. The fluid chamber is replaceable and is 

made of graphite, a conductive and high-temperature resistant material, which 

increases the heating efficiency provided by induction heating. The inner surface of 

the fluid chamber, in particular at the nozzle level, should be wettable by the fluid 

metals having high surface tensions. For this purpose, the interior wall of the fluid 

chamber is coated with a special material, which cannot be disclosed due to proprietary 

rights. In order to avoid the oxidation of liquid metal or reaction of the coating material 

with oxygen (at high temperatures), both of which could potentially block the nozzle, 

the system should be kept inside argon gas rich chamber to ensure a low oxygen 

(<1ppm) environment. 

 

 

Figure 3.3- Side-view image of cartridge demonstrating the actuation chamber. 

 

The position of the print head is fixed, and the substrate moves in the X, Y, and Z 

directions through a stepper motor controller based on the signals received from a 

LabView Data Acquisition module. The stage is moved to the desired locations, and 

the waveform generator is triggered based on the information from bitmap images 

obtained from a sliced CAD (Computer-Aided Design) or STL (Standard Triangle 

Language) file. For this, the centre-to-centre distance between droplets and frequency 

of jetting is set by the operator, and the substrate speed is automatically adjusted such 
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that droplets are successively deposited onto the desired locations. Two replaceable 

20 mm x 20 mm substrates can be positioned on the stage shown in Figure 3.4, and 

they can be heated up to 800 °C using resistance heating. The temperature is set and 

controlled using a SHIMADEN temperature controller. In order to prevent oxidation 

during jetting, the system is kept inside an argon-controlled atmosphere glove box, 

maintaining the oxygen content under one ppm. It is known that the reaction of molten 

metal with oxygen disturbs the production of droplets due to oxide formation and 

changes in the physical properties of the newly formed oxide layer [221]. For example, 

oxidation of molten Sn reduces its surface tension and increases the viscosity, both of 

which perturb the jet break up [222]. The oxidation can also influence the droplets’ 

size and shape [223], hence an important parameter to be well controlled.  

 

 

Figure 3.4- a)3D and top view images of the MetalJet substrate holder design, b) and its integration 

to the MetalJet stage. 

 

3.1.2. Materials 

The investigations in this work have been performed pure elemental metals, one of 

low (T < 600 °C), and two materials of high (T > 900 °C) melting point temperatures. 

In this regard, functional materials of Sn (𝑇𝑚 = 232 °𝐶), Ag (𝑇𝑚 = 962 °𝐶), and Cu 
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(𝑇𝑚 = 1085 °𝐶) belonging to the low and high-temperature categories, respectively, 

were chosen. These materials are operational within the parameters of the equipment 

used in this work and are suitable for the main targeted applications. As it was 

mentioned in the introduction and literature review, the main application for the 

MetalJet platform is electronic devices, which require high conductivity. Ag and Cu 

are the most conductive elements on the earth and hence were chosen in this thesis. 

Ag and Cu have high melting temperatures, and the reaction between the coating 

inside the cartridge and these elements at temperatures above their melting point could 

be challenging. Consequently, Sn, which is widely used in the electronics industry and 

has a low melting temperature, was chosen to provide a wider range of temperatures 

for experiments. Pure Sn shots of grade 5N, pure Ag rods of grade 5N, and pure Cu 

rods of grade 5N, supplied by ESPI Metals (Oregon, USA), were used as feedstock 

material for jetting. Immediately before introducing the materials inside the cartridge, 

they were etched using 37% HCl diluted to 50% with distilled water for five minutes 

to remove the oxidation or surface impurities. After that, the materials were cleaned 

in a mixture of Isopropyl alcohol (IPA) and distilled water for one minute using 

ultrasonic cleaning. Finally, the materials were completely dried with 𝑁2 gas.  

 

1 mm thick substrates of various materials were used in this work: (1) tempered as-

rolled Sn sheets of 99.9% purity, (2) tempered as-roll Ag sheets of 99.97 % purity, (3) 

tempered half-hard Oxygen-Free High Thermal Conductivity (OFHC) Cu sheets of 

99.98 % purity, (4) tempered as-rolled Zn sheets of 99.99% purity supplied by Advent 

research materials (Oxford, UK). These materials were chosen because of their 

metallurgical compatibility and solubility with the jetting materials. The metallic 

substrates were polished using SiC papers grit sizes of 2500, 4000, and 15000 to 

remove surface oxides immediately before experiments. In one part of the study, the 

substrates were etched with a similar etchant used for the feedstock material to reduce 

the surface roughness. In both cases, the substrates were cleaned using IPA and dried 

with 𝑁2 gas. 
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3.1.3. Temperature control, jetting pulses and frequencies, other parameters  

• Droplet temperature control 

The material inside the cartridge should be heated following a specific pattern to 

reduce the risk of damage to the coating layer inside the cartridge, which can be caused 

by rapid heating cycles. The temperature was manually increased to 700 °C according 

to the graph presented in Figure 3.5. This temperature is above the melting point of 

Sn (232 °C) and is mainly used for printing structures in Sn. After that, the temperature 

could be adjusted through the PID control program. The temperature was increased in 

steps of 100 °C up to 1020 °C, and 1120 °C for Ag and Cu, respectively. The exact 

temperature of the melt could be obtained from the deviation between the minimum 

temperature at which the jetting occurred and the pyrometer readings. The minimum 

jetting temperature could be associated with the material's melting point. Printing at 

least 40°C above the melting temperature is recommended to maintain stable jetting, 

but higher temperatures (below the evaporation temperature) can be used for Sn and 

Ag. Once the actual melt temperature was obtained, the temperature was increased 

gradually and in steps of 100 °C to the final temperature. Cu is more susceptible to 

reacting with the coating material used in the cartridge, consequently, it is 

recommended to use the minimum jetting temperature for this material.  

 

Figure 3.5-The manual heating setup. 
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• Jetting pulses 

The jetting pulse (length and voltage) controls the consistency and stability of the 

droplet formation. The exact values are specific properties of each system and are kept 

constant to ensure jetting stability of each material. At first, the printhead should be 

initialised (purging process) to remove the possible dirt or gas bubbles which can block 

the metal flow or interfere with the jetting performance. Purging is also used to recover 

a cartridge that has become inoperative after a period of time. The initialization pulse 

used in this study cannot be disclosed due to the confidentiality.  

The waveforms for various materials used in this study consist of a succession of two 

positive and negative trapezoidal pulses as demonstrated in  Figure 3.6. In these 

bipolar waveforms, the voltage is ramped from an initial voltage (0) to a final voltage 

within a defined time (𝑡𝑟𝑖𝑠𝑒), creating a positive force to expel the molten metal from 

the nozzle. The same and constant voltage is applied during the so-called 𝑡𝑑𝑤𝑒𝑙𝑙, 

causing the actual drop ejection. Henceforth, the voltage is dropped to the negative 

final voltage within a relatively short time (𝑡𝑓𝑎𝑙𝑙), and it is sustained at this negative 

voltage for a period of time, called 𝑡𝑒𝑐ℎ𝑜. During the negative pulse, a negative force 

is applied to the material, such that the material is sucked back into the nozzle, 

avoiding the ejection of residual material.  Finally, the voltage goes back to zero within 

𝑡𝑟𝑖𝑠𝑒 period. The jetting voltage varies for different materials. This modulation is 

repeated with the jetting frequency to generate multiple droplets. The details of these 

waveforms, including the duration and jetting voltages, for the materials used in this 

thesis cannot be disclosed. 
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Figure 3.6- Jetting waveforms. 

 

• Jetting frequency and speed 

The jetting frequency is adjustable from 10 to 2000 Hz but was mostly fixed to 500 

Hz in the study. The jetting speed can be controlled within a narrow range for each 

material and cartridge and varies between 0.5 m/s and 3 m/s. The size of the nozzle, 

jetted material, voltage, and jetting temperature define the jetting speed.  

• Other parameters 

It is preferable to minimize the distance between the nozzle and substrate, i.e., standoff 

distance, in order to reduce the in-flight cooling. Moreover, as per Figure 3.7, when 

the distance between the nozzle and substrate (ℎ𝑁−𝑆) increases, the deposition 

accuracy decreases. The deposition error (𝑑𝑒𝑟𝑟𝑜𝑟) is originated from the lateral speed 

of droplets due to machining tolerance of the inner wall of nozzle, slag formation, or 

non-uniform coating, which causes non-uniform wetting at the orifice. In this work, 

the standoff distance was set to 1 mm.  
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Figure 3.7- Schematic representation of deposition error caused by lateral speed and high standoff 

distances. 

 

3.1.4. Printing experiments  

In order to investigate the morphology of individual droplets, droplet-to-substrate 

adhesion, droplet-to-droplet bonding, and microstructure evolution, the experimental 

layout presented in Figure 3.8 was used for the particular material under investigation. 

The specific printing parameters used in each experiment, including the droplet 

material, jetting temperature, substrate material and temperature, and surface 

roughness, varied according to the study's objective and are described in related 

chapters.  
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Figure 3.8- The printing experiment layout used in this thesis to investigate the morphology of 

droplets, droplet-substrate, droplet-droplet bonding, and microstructure evolution. The SEM image is 

taken from an experiment of Ag deposition at 1040 °C onto an Ag substrate at 775 °C. 

 

3.1.5. Characterisation techniques 

Due to the size scale and often fragile (due to a poor droplet-droplet or droplet-

substrate bonding) nature of the samples printed by MetalJet, conventional material 

characterisation techniques used for other metal AM technologies were unsuitable. 

Hence, advanced characterisation techniques were applied to characterize the droplet 

formation, morphology of single and multiple droplets, their microstructure, the 

interaction between them and their interaction with the substrate at a micro to nano 

scale spatial resolution. 

3.1.5.1. Techniques to study the droplets characteristic in flight 

The formation and stability of jetting and the in-flight measurement (such as droplet 

radius, velocity, and trajectory) were continuously monitored by a JetXpert drop 

watcher (ImageXpert Inc., New Hampshire, USA) (Figure 3.9). In this method, a 

CCD camera (Charged-coupled Device) takes snapshots of subsequent drops at 
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regular intervals, with the output resembling static events or slow-moving droplets. 

The camera was triggered by the jetting pulses to capture the images. Double pulses 

separated by times down to 800 ns enabled the measurement of velocities at several 

discrete positions below the nozzle. Camera resolution could be adjusted between 1.1 

and 6.1μm per pixel within a field of view of 1024 x 768 pixels. A typical example of 

the data obtained by the drop watcher is shown in Figure 3.9. The data obtained from 

the JetXpert camera during the droplet formation was processed using Image 

Processing Toolbox in MATLAB. The in-flight characteristic of droplets, such as 

droplet size, speed, and trajectory, were processed in situ through the ImageXpert 

software. A LabVIEW program, referred to as Big Data, was used to collect and 

calculate data from various devices and instruments which are used during MetalJet 

experiments. This includes data from the thermocouple, oxygen sensor, pulse 

parameters (jetting frequency, jetting current, and jetting voltage), RF current, 

printhead resistance, and Dino-Lite images. Moreover, the program read the data from 

the drop watcher, including the droplet speed, size, and trajectory and saved all this 

information in text files. These files can be further processed through MATLAB or 

other data analysis programs to investigate the effects of various process parameters 

on the droplet’s characteristics.  
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Figure 3.9- Schematic representation of droplet formation observation through the JetXpert system. 

a) the set-up including the camera, printhead, LED strobe, and strobe controller, b) Data obtained 

from the JetXpert camera demonstrating a) a successful purge, b) double-droplet-based analysis, and 

c) calculated and measured information. 

 

3.1.5.2. Technique to investigate the surface roughness 

The surface roughness of substrates was measured with an optical 3D measurement 

system, Alicona InfiniteFocusG4. In this technique, the topographical and colour 

information of the scanned surfaces are obtained from the variation of focus. The data 

captured from the surface is converted into 3D information and a true colour image 

with full depth of field through a special algorithm. The typical data obtained from the 

measurements are 𝑅𝑎, 𝑅𝑞 , and 𝑅𝑧. Where 𝑅𝑎 is the average of profile height deviations 
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from the mean line. 𝑅𝑞 is the quadratic average, or root mean square average of profile 

height deviations from the mean line. 𝑅𝑧𝑖 is the maximum peak to valley height of the 

profile, within a single sampling length; and 𝑅𝑧 is the average 𝑅𝑧𝑖 value over 

assessment length. 𝑅𝑎 is more commonly used when referring to surface roughness, 

hence this value is used as the reference in this thesis. 

 

3.1.5.3. Techniques to study droplets’ morphology  

A TM3030 Scanning Electron Microscope (SEM) (Hitachi, Tokyo, Japan) with a 20 

kV accelerating voltage equipped with a backscatter electron detector was used to 

study the droplets from the top view. A Quanta 200 3D Dual Beam FIB-SEM (FEI, 

Hillsboro, Oregon, USA) was used to investigate the droplets’ side view at 54° and to 

measure their solidification contact angle at 87°-89°, using various 5-axes stages.   

 

3.1.5.4. Techniques used to study the bonding levels  

In order to study the bonding level, the droplet and substrate should be cross-sectioned. 

Due to the often fragile nature of MetalJet samples due to poor bonding levels between 

droplets, the standard specimen preparation procedures of cutting, mounting and 

polishing cannot be readily used. Instead, FIB (Focused Ion Beams) was used in which 

focused beams of Ga+ ions are rastered across the specimen surface. In this technique, 

the high-energy Ga+ ions strike the sample and sputter atoms from the surface without 

disrupting the atoms in the layers beneath (Figure 3.10). The advantage of this 

technique is that delicate features such as micropores and interfaces are not smeared 

or rounded, unlike in conventional mechanical polishing. A Quanta 200 3D Dual 

Beam FIB-SEM and a Zeiss crossbeam 550 (Oberkochen, Germany) have been used 

for this purpose. 
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Figure 3.10- The schematic representation of a) in-situ milling using FIB, b-d) steps used to cross-

section the interface of droplets with substrates.  

 

Figure 3.11 demonstrates the sample preparation methodology used in this work step 

by step. Preliminary, a high ion current is used to remove large sections of material 

(Figure 3.11 -c). The maximum current of Quanta 200 is 20 nA which can be used at 

this step. Zeiss 500’s maximum current is 100 nA, however, 65 nA was used for the 

preliminary cross-sectioning since the higher current damaged the samples. As per 

Figure 3.11-d, the cross-sectioned area was inspected with the stage brought back to 

0° to estimate the required dimension and current for the cleaning step. The black 

arrows in the image demonstrate the areas to be further polished. The refining 

polishing is necessary to reveal the microstructure with ion beams and for the EBSD 

(Electron Backscatter diffraction) characterisation. Therefore, interfaces are polished 

using lower currents (7 nA in both systems). Further polishing may be required at this 

stage with a lower current (3 nA or 1 nA), which usually depends on the material. For 

example, Sn (and sometimes) Cu) needed more refining polishing, whereas Ag 

samples were less susceptible to curtaining. Finally, the stage is brought back to 0°, 

and the cross-sections are etched for 60 s to 30 s using these ion beams of 3 nA or 7 

nA, respectively. 

 

It should be noted that the FIB is inherently destructive, and a long-time exposure, 

especially at higher currents, can damage the cross section or make the surface 

amorphous. Finally, secondary electrons or secondary ions generated by low-current 

Ga+ beams (50 pA- 0.3 nA) were picked up by detectors for imaging.  The grain 

contrasts were captured due to the different channelling of various crystal orientations 

with respect to the beam. Zeiss Crossbeam system has several advantages over the FE 
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Quanta system, including higher currents, the possibility of inspecting the sample 

during the milling process, and having in-lens and EBSD detectors.  

 

 

Figure 3.11- Steps of sample preparation using FIB milling, a-b) selecting the zone, c) tilting stage to 

have ion beams parallel to the surface, and setting the cross-sectioning dimension, including the 

milling depth and beam current, d) verifying the cross-section area to identify the beam parameters 

for the refining step, e) cleaning the surface using low current on a small cross-section area, f) 

etching the sample using medium ion beam current. 

 

A similar protocol has been adapted to cross-section multiple droplets to investigate 

the inter-droplet bonding level, the only difference being the stage used in this case  

(Figure 3.12). A pre-tilted stage of 45° was used to mount the samples, enabling the 

ion beams to be almost parallel to the substrate. This protocol allows performing an 

EBSD analysis at the interface between the droplets.   
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Figure 3.12- Sample preparation steps using FIB milling, a-b) selecting the zone, c) tilting stage to 

have ion beams parallel to the surface, and setting the cross-sectioning dimension, including the 

milling depth and beam. 

 

A part of the characterisations presented in this work has been characterised using A 

xenon-plasma FIB, Helios G4 He+ pFIB (Thermofisher Scientific Inc. Massachusetts, 

United States). The plasma FIB enables the sectioning of larger sample zones at higher 

rates. 

 

3.1.5.5. Techniques to study the microstructure 

• Crystallographic orientations and Chemical composition 

A Jeol 7100 FEG-SEM equipped with Oxford Instruments AZtec HKL Advanced 

Electron BackScatter Diffraction (EBSD) system (Oxford Instruments plc, Abingdon, 

UK) and a Zeiss crossbeam 550 (Oberkochen, Germany) equipped with an Electron 

Backscatter Diffraction (EBSD) were used for further microstructural observation of 

the prepared cross-sectioned samples. These analyses were performed on the inter-

droplet interfaces based on the protocol explained in Figure 3.12. Moreover, some 

EBSD and backscattered electron analysis were performed using a xenon-plasma 

Focused Ion Beam (FIB), Helios G4 He+ pFIB (Thermofisher Scientific, formerly 

FEI) equipped with a symmetry Electron Backscatter Diffraction (EBSD) and Ultim 
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Max 170 Energy Dispersive X-ray (EDX) detectors (Oxford Instruments). The fast 

milling speed in this system enabled the lift out of an entire droplet-substrate cross-

section in less than three hours, whereas a ¼ cross-sectioning requires at least 6 hours 

of work using the Quanta 200 system.  

 

The procedure for the sample preparation for EBSD and EDX characterisation is 

shown in Figure 3.13. Initially, a layer of Pt (blue square in Figure 3.13 a) is deposited 

along the centreline of the droplet in order to protect the lamella from potential 

damages due to the fast milling rate. Both sides of the droplet were sectioned using 

FIB (yellow squares in Figure 3.13 b) such that a lamella attached to the substrate was 

created. One side and the bottom section of the lamella are removed; at this stage, the 

droplet is held in place from the opposite side, which has not yet been removed. The 

needle is inserted and welded to the lamella using Pt deposition, and the other side is 

removed so that the lamella can be lifted out. The lamella is welded to the crown for 

further polishing, which is required for EBSD characterisations.  

 

 

Figure 3.13- Steps of EBSD and EDX sample preparation using a xenon-plasma FIB, a) deposition of 

a Pt layer to protect the lift-out lamella, b) milling both sides of the droplets, c) milling the bottom 

and side section of the lamella, d) welding the needle to the lamella using Pt deposition, and milling 

the last portion of the lamella, e) lifting the lamella out, f) welding the lamella to the Cu crown using 

Pt deposition. 
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• Fine crystallographic structure: 

Transmission electron microscopy TEM has been performed on the droplet-substrate 

interface using a Tecnai F20 Field Emission Gun Scanning Transmission Electron 

Microscope (FEG-STEM) (formerly FEI) operated at 200 kV. The lamellae used for 

the EBSD analysis were thinned to 150 nm on the exact site of interest. The TEM was 

equipped with Oxford Instruments Energy Dispersive X-ray spectroscopy (EDS) with 

an 80 cm2 sized windowless detector. Bright-field (BF) images and STEM EDS maps 

were recorded to gain high spatial resolution chemical information on zones of interest 

in the case of dissimilar material printing.  

 

3.2. Computational 

Firstly, the droplet’s heat loss before impact was calculated using an analytical model. 

Secondly, a sequentially coupled thermo-mechanical model was established using a 

commercial FE package, ABAQUS/ standard, version 2019 (Dassault Systèmes 

Simulia Corp.), to simulate droplet deposition in the MetalJet process. It was assumed 

that the stress and deformation depended on the temperature field, whereas the 

temperature is not a function of the deformation response, i.e., one-way coupling. This 

is regarded as a realistic consideration since the displacements are small and hence, 

have little effect on heat generation or distribution. The thermal model predicts the 

temperature evolution of the droplets and substrate during the deposition process.  

In this study, the phenomena of interest mainly occur in the solid phase, and the shape 

of the solid droplets was taken from experimental observations. Hence, the fluid 

dynamics of impact and spreading were not modelled. However, the effects of 

convective heat transfer due to the droplet motion were integrated into the modelling 

approach by implementing an effective thermal conductivity for the liquid metal. The 

droplet was considered a continuum body, and its shape was reproduced from the 

experimental observations. The fluid thermophysical properties were applied to the 

droplets’ sections above the material melting point. The mechanical model provides 

information on the consequent residual stresses and deformations due to the thermal 

changes during the cooling process. 
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3.2.1. In-flight cooling of droplets  

As droplets are detached from the nozzle, they travel 1 mm in an inert environment 

with a speed of 1 to 3 m/s and hence are subjected to an initial cooling before impacting 

the substrate. It is important to investigate the droplet’s heat loss amount in this phase 

since this information is an essential parameter to adjust the jetting temperature. 

Moreover, this information is the input data for the droplet deposition and 

solidification model. The in-flight cooling of microdroplets was initially calculated by 

an analytical model in which the drag force, forced convection and conduction inside 

the droplet were ignored. In this model, the droplet was considered a sphere with a 

uniform temperature, which is a reasonable assumption since the Biot number (𝐵𝑖 =

ℎ𝑖𝑓𝐷/𝐾 ≪ 1) is small. The droplet cooling during the flight was obtained by solving 

the following equation: 

4

3
𝜌𝑐𝜋𝑟3

𝑑𝑇

𝑑𝑡
= −4𝜋𝑟2[ℎ𝑖𝑓(𝑇 − 𝑇∞] + 𝜖𝑒𝑚𝜎𝑆𝐵(𝑇4 − 𝑇∞

4)]       (Equation 41) 

Where 𝜖𝑒𝑚 is the emissivity and equal to 0.1, 𝜎𝑆𝐵 is the Stefan-Boltzmann constant 

and equal to 5.67 × 10−8 𝑊/𝑚2𝐶4, and ℎ𝑖𝑓 is the convective heat transfer during the 

flight, which was obtained by 

ℎ𝑖𝑓 = 𝑁𝑢
𝐾𝑎𝑡𝑚

𝐷
                                         (Equation 42) 

In which 𝐾𝑎𝑡𝑚is the thermal conductivity of the Argon gas in which the droplets travel. 

Various empirical expressions exist for the Nu number, which depends mainly on the 

Re number. In this thesis, the equation established by Lewis and Gauvin [224] was 

considered : 

    𝑁𝑢 = (2 + 0.515𝑅𝑒𝑑

1

2) (𝜗𝑑/𝜗∞)0.15                    (Equation 43)  

The temperature of the Argon gas was estimated to be the average of the nozzle and 

substrate temperature and hence varied based on the printed material. However, for 

each material, the Argon gas temperature was considered constant, and consequently, 

the thermal conductivity and kinematic viscosity of the Argon gas were constant for 
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each material.  Equation 41 was solved using the finite difference method with a step 

size of 1 × 10−4 s.  

In addition, a more sophisticated model was established in collaboration with the 

University of Warwick. In the second model, the temperature distribution in the gap 

between the nozzle and the substrate was calculated initially. The droplet’s heat loss 

was calculated considering conduction and forced convection. Moreover, the equation 

of motion for the droplet, including the gravity and drag effects, was considered when 

solving the heat loss rate. These models were verified through MetalJet 

experimentations. Even though both models yielded close results, the output from the 

second model better matched the experimental results; consequently, it was used to 

calculate the deposition temperatures used in this thesis.  

The simplified model presented in this thesis underestimated the amount of heat loss 

since (I) the forced convection in the droplet was ignored and (II) the Ar gas 

temperature was overestimated (using the average value of the nozzle and substrate 

temperatures). Detailed descriptions of the second model and the experimental 

approach and results used to validate the model are described in a manuscript under 

review, ‘In-flight cooling and solidification of metallic microdroplets’. For each study 

in this thesis, the ejection temperature, i.e., the nozzle temperature, and the deposition 

temperature, i.e., the droplet temperature on impact, are presented at the beginning of 

the relevant sections. 

3.2.2. Thermal model definition 

The governing equation in the thermal model constitutes the conduction between the 

droplet and the substrate with a general heat convection and radiation boundary 

condition. The droplet spreading was considered a precursor of the thermal process; 

however, the effects of convective heat transfer due to the droplet motion were 

integrated using an effective thermal conductivity for the liquid metal. The initial 

temperature distribution of the droplet and substrate was considered uniform. The 

geometry of quarter-symmetry and symmetry models to simulate single and multiple 

droplet deposition, respectively, is shown in Figure 3.14. The droplet geometry and 

the droplet-substrate contact angle were measured experimentally. The substrate was 

assumed to be sufficiently small to avoid the excessive computational cost but large 
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enough to capture the depth to which the heat is diffused. This is also to eliminate the 

constraints caused by the boundary conditions in the mechanical simulations and to 

guarantee that a constant temperature can be specified at the bottom surface of the 

substrate. 

  

Figure 3.14- Geometry of droplet and substrate for a) single droplet deposition and b) multiple 

droplet deposition. 

 

The transient temperature distribution throughout the domain was obtained by solving 

the three-dimensional heat conduction (Equation 41) in the droplet and substrate along 

with the appropriate initial and boundary conditions. 

𝜌𝑐𝑝

𝜕𝑇

𝜕𝑡
=

𝜕

𝜕𝑥
(𝑘

𝜕𝑇

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝑘

𝜕𝑇

𝜕𝑦
) +

𝜕

𝜕𝑧
(𝑘

𝜕𝑇

𝜕𝑧
) + 𝑄             (Equation 44) 

Where 𝑘  is the temperature-dependent thermal conductivity, 𝑇 is the temperature, 𝑄 

is the power generated per unit volume, 𝜌 is the material density.  

The forced convective heat transfer in the liquid droplet due to its motion was 

accounted for by the use of an effective thermal conductivity when the temperature of 

the metal was above its melting point using the equation suggested by Zarzalejo, et al. 

[184]. 

𝐾𝑒𝑓𝑓 = 𝑐𝑚𝑓𝐾                                              (Equation 45) 

Where 𝐾 is the thermal conductivity at the given temperature, 𝐾𝑒𝑓𝑓 is the effective 

thermal conductivity and 𝑐𝑚𝑓 is the conductivity multiplier factor, which is greater 

than one and is a function of the Nusselt number (𝑁𝑢), the droplet height (𝑥), and the 
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interface length. 𝑐𝑚𝑓 has been experimentally measured in various studies [4], [184], 

[196], [225] and is equal to  2. 

Combined convection and radiation from the free surfaces and conduction between 

the droplet and substrate were considered. The convection and radiation heat exchange 

at the free surfaces of droplet and substrate were implemented according to Newton’s 

law of cooling: 

𝑞 = ℎ (𝑇 − 𝑇∞)                                                (Equation 46) 

where 𝑇∞ is the ambient temperature equal to 30 C and h is a user-defined heat 

transfer coefficient. To consider the effects of heat radiation but avoid the consequent 

computational non-linearities, a radiative and convective heat transfer coefficient was 

used based on the equation proposed by Mughal et al. [26]: 

ℎ = ℎ𝑐𝑜𝑛𝑣 + 𝜖𝑒𝑚𝜎𝑆𝐵(𝑇𝑠 + 𝑇∞)(𝑇𝑠
2 + 𝑇∞

2)                       (Equation 47) 

where 𝜖𝑒𝑚 is the emissivity and equal to 0.1, 𝜎𝑆𝐵 is the Stefan-Boltzmann constant 

(5.67 × 10−8 𝑊/𝑚2𝐶4) and ℎ𝑐𝑜𝑛𝑣 is the free heat convection (≅ 40 𝑊/𝑚2𝐶). 

The conductive heat transfer between the droplet and substrate interfaces is defined 

by: 

𝑞𝑐𝑜𝑛𝑑 = 𝑘𝑐  (𝑇𝑠 − 𝑇𝑑)                                        (Equation 48) 

where 𝑇𝑑 is the droplet temperature at the interface with the substrate, 𝑇𝑠 is the 

substrate temperature at the interface with the droplet, and 𝑘𝑐 is the thermal 

conductance coefficient. The thermal contact property at the interface of two surfaces 

depends on various parameters, such as flatness, surface roughness, and hardness; and 

is defined by the thermal contact resistance, 𝑅𝑐, or the thermal conductance 

coefficient, 𝑘𝑐, which have a reciprocal relation 

𝑘𝑐 = 1/𝑅𝑐                                                    (Equation 49) 

Although it is well known that this parameter has a major influence on the heat transfer 

between two surfaces, in previous works in the literature,  it has either been arbitrarily 

chosen [13], [181] or neglected altogether [4], [25], [184], [191] due to the lack of 

information on how to estimate it. In some research, this parameter was experimentally 
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measured; however, the response time of temperature sensors is usually longer than 

the spreading time of the droplets, leading to inaccuracies in the results. Aziz et al. 

[192] calculated the thermal contact resistance between molten Sn droplets and a 

stainless-steel substrate by matching the measured surface temperature variation with 

an analytical solution. Their measured values varied been 10−6  𝑚2𝐾/𝑊 

and 5 × 10−6  𝑚2𝐾/𝑊. Similarly, Kumar et al. [35] estimated the thermal contact 

resistance between Al–33 wt.% Cu droplets and stainless steel at  7𝑒−4  𝑚2𝐾/ 𝑊. 

Trapaga et al. [181] considered several values of thermal resistance ranging between 

10−4  𝑚2𝐾/𝑊 and 10−6  𝑚2𝐾/𝑊 for Cu droplet impinging on a Cu substrate. In this 

study, we have modified the relation established by Xue et al. [226] to estimate a 

temperature-dependent thermal resistance 

𝑅𝑐 = 𝑅𝑎/(𝐾 𝛼𝑡)                                             (Equation 50) 

In which 𝑅𝑐 is the thermal contact resistance, 𝑅𝑎 is the surface roughness, 𝐾 is the 

thermal conductivity, and 𝛼𝑡 is a unitless parameter, which depends on surface tension 

and contact pressure and is defined in this work. 

𝛼𝑡 = 2𝜋𝑟𝜌𝑔𝑥/𝜎𝑠                                           (Equation 51) 

In which 𝜌 is the material density and 𝜎𝑠 is the surface tension. For the solidified 

material, 𝛼𝑡 is considered constant and equal to its value at the liquidus temperature. 

It should be stressed that this relation is applicable only if the substrate asperities scale 

(𝑅𝑎) is considerably smaller than the droplet height. 

3.2.3. Mechanical model definition 

Stress and deformation analysis were performed considering nodal temperatures, 

which are time and position-dependent through a sequentially coupled thermo-

mechanical model. This coupling can be used when the stress or deformation field 

depends on the temperature field, but the temperature field can be found independently 

of the stress or deformation response. Full coupling is required for problems with 

extensive inelastic deformation occurring very rapidly. If the process is slow or plastic 

deformations are limited, the heat generated by the plastic deformation has time to 

dissipate, or the heat generation is limited, such that uncoupled analysis would be 

sufficient.  
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In the sequentially coupled heat transfer analysis in this thesis, the temperature fields 

from the heat transfer model were read into the stress analysis as a predefined field, 

i.e., they are not changed by the stress analysis solution. The isotropic elastoplastic 

rate-independent material definition was used, which has a relatively simple form and 

yields the model more efficient. Since the cooling rate in the process of interest was 

extremely high, and the high-temperature duration was significantly short, the creep 

effects were ignored. The local force equilibrium in a Lagrangian viewpoint was 

represented using: 

∫𝑡𝑑𝑆

𝑆

+ ∫𝑓𝑑𝑉

𝑉

= 0                                         (Equation 52) 

Where V is the volume of the body, S is the surface, f is the body force per unit volume, 

and t is the surface traction per unit area: 

𝑡 = 𝑛. 𝜎                                                        (Equation 53) 

Here, 𝜎 is the Cauchy stress matrix, and n is the unit outward normal to the surface. 

Introducing Equation 53 into equation 52 and using the Guess theorem, the following 

relation is obtained:  

(
𝜕

𝜕𝑥
) . 𝜎 + 𝑓 = 0                                              (Equation 54) 

In the absence of external mechanical loading (here, the stresses are only arising from 

differential thermal contractions and expansions), the stress equilibrium is governed 

by: 

∇. 𝜎 = 0                                                        (Equation 55) 

The total strain tensor is governed by: 

𝜖 =
1

2
[∇u + (∇𝑢)𝑇]                                            (Equation 56) 

Where ∇u is the spatial displacement gradient. 

The constitutive mechanical law is defined by: 

𝜎 = 𝐶𝜖𝐸                                                        (Equation 57) 
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Where C is the fourth-order elasticity tensor of material properties. 

The total strain can be decomposed into three components: 

𝜖 = 𝜖𝐸 + 𝜖𝑃 + 𝜖𝑇ℎ                                                (Equation 58) 

where 𝜖𝐸 is the elastic strain, 𝜖𝑃 the plastic strain and 𝜖𝑇ℎ is the thermal strain. 

Thermal strain, arising from differential thermal contractions and expansions, 

contributes to the residual stresses. These thermal stresses constitute either elastic or 

plastic components. The thermal strain is defined by: 

𝜀𝑇ℎ = ∫ 𝛼𝑒

𝑇

𝑇𝑟𝑒𝑓

𝑑𝑇                                              (Equation 59) 

In which 𝛼𝑒 is the temperature-dependent thermal expansion coefficient, presented in 

table 3.1. 

For the plastic term, the flow rule is defined by Prandtl-Reuss equations: 

𝑑𝑒𝑃 = 𝑑𝑒̅𝑃𝑛                                               (Equation 60) 

In which 𝑑𝑒̅𝑃 is the equivalent plastic strain rate, and n is defined by: 

𝑛 = 3
2⁄  

𝑆

𝑞
                                                   (Equation 61) 

where 𝑆 is the deviatoric stress and q when the von misses yield criterion is adopted 

is defined by: 

𝑞 = √3
2⁄  𝑆 ∶ 𝑆                                           (Equation 62) 

3.2.4. Parameters and material properties  

The thermo-physical properties of the material, including density, heat capacity and 

thermal conductivity, were considered temperature-dependent. A finite temperature 

range of 2 - 4 °C was considered for the solidification of pure metal, during which 

latent heat is released. The mechanical properties, Young’s modulus, coefficient of 

thermal expansion, and yield stress were also considered temperature-dependent. The 

Poisson’s ratio of Cu was assumed to be 0.35 and temperature independent. The Cu 
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thermo-mechanical properties ranging from room temperature to 1200 °C are listed in 

Table 3.1. The Yield strength from room temperature to 900 K is obtained from an 

empirical equation (temperature in K) as follows [227]: 

𝜎𝑌 = 1570.8 − 14.184 𝑇 + 5.641 𝑇2 × 10−2 − 1.0592 𝑇3 × 10−4 + 9.288 𝑇4  ×

10−8 − 3.086 𝑇5 × 10−11                                                                       (Equation 60) 

The yield strength is obtained from the literature [228] for higher temperatures. Since 

a non-zero value for the yield strength is required by the numerical solver, a relatively 

small value of 0.1 MPa was used at temperatures above the solidus temperature. The 

Ultimate tensile strength from room temperature to 900 K is defined by an empirical 

equation (temperature in kelvin) [227] : 

𝜎𝑈 = 191.32 + 0.65.36 𝑇 −  1.85 𝑇2 × 10−3 + 1.0185 𝑇3 × 10−6      (Equation 61) 

For higher temperatures, the yield strength is obtained from the literature [228], and 

the temperature-dependent flow stress of Cu is demonstrated in Table 3.2.The thermo-

physical properties of Sn and Ag are listed in Table 3.3 and Table 3.4, respectively. 

 

Table 3.1- Temperature-dependent properties of pure Cu. 

Temperature (°C) 27 227 427 627 827 1027 1200 

Density (𝑲𝒈/𝐦𝟑) 8960 8762 8564 8366 8168 7971 7800 

Surface tension (N/m)       1.28 

Specific heat capacity (J/Kg °C) 385 408 425 441 464 506 520 

Thermal conductivity (W/m °C) 401 386 372 359 345 331 319 

Thermal expansion (1/ °C) × 𝟏𝟎−𝟔 15.4 16.9 18.5 20.1 21.9 23.7 25 

Dynamic viscosity (mPa.s)      4.03 3.45 

Young modulus (GPa) 125 112 98 85 72 58 4 

Yield strength (MPa) 210 181 66 20 5 2 0.1 

Ultimate tensile strength (MPa) 250 200 105 30 18 5 - 
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Table 3.2- Temperature-dependent flow stress of Cu. 

Temp (°C) Yield Stress (MPa) Plastic Strain 

27 210 0 

27 235 0.1 

27 238 0.4 

27 250 0.5 

227 181.5 0 

227 192 0.1 

227 198 0.4 

227 200 0.5 

427 65.93 0 

427 95 0.1 

427 102 0.4 

427 105 0.5 

627 20 0 

627 25 0.1 

627 29 0.4 

627 30 0.5 

827 5 0 

827 12 0.1 

827 17 0.4 

827 18 0.5 

1027 2 0 

1027 4 0.1 

1027 4.5 0.4 

1027 5 0.5 

 

 

Table 3.3- Temperature-dependent properties of pure Sn. 

Temperature (°C) 27 232 327 1127 

Density (𝑲𝒈/𝐦𝟑) 7300 6900 6850 6300 

Surface tension (N/m)  0.546 0.540 0.480 

Specific heat capacity (J/Kg °C) 207 210.1 211.9 233.5 

Thermal conductivity (W/m °C) 66.6 56 95.7 163.2 

Dynamic viscosity (mPa.s)  1.8 1.6 0.8 

Kinetic viscosity × 𝟏𝟎−𝟕 (𝒎𝟐/𝒔)  2.7 2.4 1.0 
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Table 3.4- Temperature-dependent properties of pure Ag. 

Temperature (°C) 27 327 627 962 1200 

Density (𝑲𝒈/𝐦𝟑) 10490 10300 10100 9600 9000 

Surface tension (N/m)    1.89 1.88 

Specific heat capacity (J/Kg °C) 235 245 270 297 310 

Thermal conductivity (W/m °C) 428 405 380 360 340 

Dynamic viscosity (mPa.s)    4.07 4 

Kinetic viscosity × 𝟏𝟎−𝟕 (𝒎𝟐/𝒔)    5 4.9 

 

3.2.5. Mesh and boundary conditions 

The thermal and mechanical models utilised identical nodal locations to simplify 

coupling. The meshes for the single and multiple droplets are shown in Figure 3.15. 

A uniform hexahedral mesh with an element length of 1 µm was used for the droplet, 

resulting in 46,512 elements for a single droplet and 300,235 for the multiple droplet 

model. For the substrate, a non-uniform density mesh was used, with an element length 

of 1 µm close to the interface, where the temperature and displacement gradients are 

steepest, gradually increasing towards the bottom and sides. This meshing strategy 

resulted in a total of 96,668 elements for substrate in the single droplet model and 

433,161 in the multiple droplet model. In the mechanical model, reduced integration 

elements were used to enhance the convergence behaviour. 

 

Figure 3.15- Initial mesh of droplet and substrate for a) single droplet deposition and b) multiple 

droplet deposition model. 

Uniform initial temperatures were assigned to both the droplet and substrate. The 

temperature at the bottom surface of the substrate was kept constant throughout the 
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simulation. Adiabatic conditions were applied to the symmetric surfaces of the droplet 

and substrate. Heat exchange was enabled at the free surfaces of droplet and substrate 

through the definition of convection and radiation surfaces. These were implemented 

according to Newton’s law of cooling: 

𝑞 = ℎ (𝑇 − 𝑇0)                                              (Equation 63) 

Where  𝑇∞ is the ambient temperature and h is a user-defined heat transfer coefficient. 

To consider the effects of heat radiation but avoid the consequent computational 

nonlinearities, a combined radiative and convective heat transfer coefficient was used 

based on the equation proposed by Mughal et al. [229] 

ℎ = ℎ𝑐𝑜𝑛𝑣 + 𝜖𝜎(𝑇𝑠 + 𝑇∞)(𝑇𝑠
2 + 𝑇∞

2)                             (Equation 64) 

where 𝜖 is the emissivity, 𝜎 is the Stefan-Boltzmann constant, and ℎ𝑐𝑜𝑛𝑣 is the free 

heat convection from a plate, which are available in the literature.  

A stress-free initial condition was considered, and symmetrical conditions (𝑈𝑥 =

𝑈𝑅𝑦 = 𝑈𝑅𝑧 = 0 at YZ plane and 𝑈𝑦 = 𝑈𝑅𝑥 = 𝑈𝑅𝑧 = 0 at XZ plane for the single 

droplet) were applied to the symmetry planes of the droplet and substrate. The bottom 

surface of the substrate was constrained in all displacement and rotations. A tie 

constraint, i.e., perfect bonding, between the droplet and substrate was assumed, which 

ensures no relative motion between the contact surfaces 

A transient heat transfer and a general static analysis with a time step of 10−9 𝑠 was 

used to solve the thermal and mechanical problems, respectively. The time step was 

chosen to effectively capture the effects of the fast cooling rate in the process. A 

typical thermo-mechanical simulation of a single droplet required 53 hours of CPU 

time, whereas the thermal simulations of multiple droplets took approximately 71 

hours of CPU time. 

3.2.6. Time step and solution control 

A transient heat transfer and a general static analysis with a time step of 10−9 𝑠 was 

considered to solve the thermal and mechanical problems, respectively. The time step 

was chosen to capture the steep temperature changes due to the fast cooling and the 

latent heat release. It should also satisfy the requirement for convergence and the 
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limitation imposed by the software. A typical thermo-mechanical simulation of a 

single droplet requires 53 hours of CPU time, whereas the thermal simulations of 

multiple droplets take 71 hours of CPU time. 

 

3.3. Summary  

In order to achieve the aim and objectives of this PhD, an integrated experimental, 

numerical, and analytical approach was adopted. This method provides insights into 

the five main parameters defined in Figure 3.2, namely droplet formation, 

morphology of droplets, droplet-substrate and droplet-droplet bonding, 

microstructure, and residual stress evolution, as shown in Figure 3.16. 

• The droplet formation through the MetalJet platform was investigated through 

high-temperature experiments (Ag) and in-situ monitoring of droplet ejection 

and analysis of the characteristics of droplets.  

• The droplet morphology was investigated by characterising single droplets of 

Sn, Ag, and Cu, printed through the MetalJet platform. In addition, numerical 

simulations were performed to predict the temperature evolution in droplets 

and substrates during the deposition process. In parallel, analytical analysis 

through the scaling method was performed to understand the dynamics of 

droplets during the deposition.  

• The inter-droplet bonding and the adhesion of droplets to the substrate were 

evaluated through characterising the interfaces. For this purpose, Cu, Sn, and 

Ag droplets were printed onto various substrates. In addition, numerical 

simulations were performed to predict the interface temperatures. 

• The microstructure of printed droplets of Sn, Cu, and Ag was investigated 

through various material characterisation approaches, including FIB-SEM and 

EBSD.  

• The thermomechanical simulation brought insights into the experimentally 

observed delamination of Cu droplets from the Cu substrate. Virtual 

experiments were performed to underpin conditions under which the residual 

stresses and risk of delamination are mitigated. 
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Figure 3.16- Flowchart summarising the methodology used in the thesis. 
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4. Droplet Formation in The MetalJet Process: 

Silver 

 

 

 

In drop-on-demand devices, the generation of uniform, tuneable, stable, and repeatable 

droplets is one of the primary challenges to be addressed (Figure 4.1). Indeed, the 

resolution and consistency of printed parts rely on good control over the droplets’ size, 

velocity, trajectory, and absence of satellite droplets. To achieve a successful and 

satellite-free ejection, the stream length at which the droplet breaks up should be 

precisely controlled. To this end, the actuation waveform, including jetting voltage, 

dwell time, echo time, and jetting frequency, should be carefully tuned. Moreover, 

material properties such as viscosity, surface tension and density, the geometry of the 

printhead, and in particular, the nozzle diameter and the bore length, control the 

formation of the droplets. This challenge has been widely studied in the inkjet printing 

processes [92], [94]. With the recent emergence of DoD-MJ, limited investigations 

have addressed the formation of metallic droplets. However, these studies are 

concerned with the formation of millimetre-size metallic droplets [21], [75], [95], [96]. 
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Figure 4.1- The first challenge to be addressed in this thesis referring to Figure 52. 

 

The major differences between ink jetting and metal jetting are the higher density (~ 

10 times), lower viscosity, and significantly higher surface tension of liquid metals (20 

- 30 times higher), all of which makes metal jetting more challenging. Higher pressures 

are required to create a sufficient momentum in the liquid metal that overcomes the 

surface tension at the orifice level and eject droplets. Furthermore, droplets are more 

prone to break into satellite droplets due to the low viscosity of liquid metal compared 

to common inks. The satellite droplets may be deposited to undesired locations on the 

substrate, but also, they can be retracted to the nozzle plate, disturbing the jetting 

trajectory or droplet size. Hence, it is imperative to gain knowledge on the margins of 

printability and physics of droplet formation in the DoD-MJ technology to avoid the 

formation of satellites and control the droplet properties.  

 

To the best of the author’s knowledge, stable generation of micro metallic droplets 

remains unaddressed in the current state of the art, consequently, it is the main 

motivation for the study presented in this chapter. Here, the formation of droplets 

under various jetting conditions, including jetting pulses and frequencies, was studied. 

The in-situ drop formation, particularly, the tail breaking behaviour, droplet speed, 

radius, and trajectory, were investigated using the JetXpert camera. The tail breaking 

is important because (I) it influences the drop characteristic such as speed, (II) it 

contributes to the cleanliness of the nozzle after each ejection, (III) more importantly, 

it controls the formation of satellite, all of which dictates the repeatability of the 

process. The droplet formation in the MetalJet platform for low melting materials does 

not pose technical issues due to their relatively low surface tension (0.54 N/m) and 

viscosity (1.83 mPa/s). On the other hand, the droplet formation of Cu is challenging 
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due to the relatively higher surface tension (1.28 N/m), viscosity (4.03 mPa/s), and 

high melting temperature (1084 °C). Moreover, the chemical reaction between the 

coating inside the cartridge and molten Cu was reinforced when exploring the extreme 

ranges of jetting waveforms. All of which made the investigations of droplet ejection 

impossible for this material. As the mechanism of droplet formation is experimentally 

investigated, and due to the high costs and limited number of cartridges available 

during the PhD, this topic has been investigated only for Ag. Ag is a high-temperature 

and non-reactive metal with relatively high surface tension (1.89 N/m) and viscosity 

(4.07 mPa/s). Consequently, the ejection of uniform droplets for this metal is 

complicated. Yet, due to its vast application in the electronic industry, printing pure 

Ag is of great interest and hence studied in this chapter.  

 

4.1. Mechanism and sequences of droplet ejection  

Figure 4.2 illustrates the droplet formation and tail breaking sequences for a typical 

droplet generation event when the jetting parameters were tuned. As a result of the 

actuation pulse, the fluid was pushed out of the nozzle and subsequently stretched (0 

– 120 µs). The length of the stream increased continuously in this step. After that, the 

ligament length did not increase anymore; instead, the head became rounder, and the 

tail thinned (140 µs) until the stream was broken at the nozzle exit (140-160 µs) due 

to the Rayleigh–Plateau instability. At this stage, single droplets are formed if the 

ligament merges with the head. Alternatively, the thinned ligament may pinch-off at 

the neck of the ligament and creates a satellite droplet.  

 

The surface tension of molten metal plays an essential role in the pinch-off process 

since it causes the tail to retract or separate. It is also possible that the free tail breaks 

at several points and forms multiple satellite droplets. In the presented jetting issue 

here, the second pinch-off occurred at the neck of the ligament (160 µs) but the satellite 

droplet caught up with the main droplet and integrated into it (160 – 180 µs). This 

observation can be explained by the numerical modelling of the jetting process. It has 

been shown that the tail speed is higher than the head if the actuation pulse is finely 

tuned [86]. The alignment of jetting and droplet trajectories is critical when satellites 

are formed, otherwise, the satellites are not able to merge with the main droplet. 



Chapter 4: Droplet Formation in The MetalJet Process: Silver 

 

124 

 

Eventually (t >180 µs), the droplet kept oscillating until the fluctuations were 

dampened, and a nearly spherical droplet was formed. 

 

 

Figure 4.2- Various stages of droplet formation demonstrating the formation of satellite free Ag 

microdroplets at 1020 °C with a frequency of 250 Hz and jetting voltage of 5 V.  

 

In order to produce satellite-free and uniform spherical droplets presented in Figure 

4.2, the actuation pulse should be carefully optimised. In the MetalJet system, an MHD 

actuator is used, where the force to push the material out of the nozzle is provided by 

Lorentz force using two permeant magnets and a variable electrical pulse, 𝑓𝑀𝐻𝐷
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ =

𝐽 × 𝐵⃗⃗. Hence the intensity of the jetting force is set by the current density (𝐽), i.e., 

jetting voltage. The exerted force varies as a function of the viscosity and surface 

tension, both of which are temperature-dependent properties of the molten liquid. The 

jetting force should be adequate to overcome the surface tension at the orifice. Besides, 

it controls the volume of ejected material as well as its velocity, which should be 

carefully optimised such that the stream is broken into satellite-free droplets of the 

desired diameter. Other actuation characteristics, such as the dwell and echo times, 

influence the droplet ejection and must be carefully tuned.  

4.2. Effects of jetting voltage on breakup length and droplet formation 

The effects of pulse amplitude on droplet formation for liquids of similar properties 

(Oh number) are demonstrated in Figure 4.3. Here, Ag droplets at 1020 °C were 

ejected with a frequency of 500 Hz, using similar jetting pulses but with amplitudes 

of 4.5 V, 5 V, and 5.5 V. The optimal jetting voltage for Ag was known to be 5 V from 
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the previous experiments (not included in this thesis). 4.5 V and 5.5 V were chosen to 

explore the extreme limits of consistent jetting and to investigate the influence of 

jetting voltage on the characteristics of droplets. It was observed that jetting voltages 

outside this interval resulted in no jetting or spraying. At the lower jetting voltage, the 

ligament pinched off close to the nozzle, and the single satellite droplet was retracted 

to the nozzle. In this case, the tail end velocity was not high enough to catch with the 

main droplet; such a scenario may affect the cleanness of the nozzle and the 

consequent jetting events. At jetting voltage of 5 V, which is the optimal jetting 

voltage for the presented liquid, the column was broken up at a similar time scale, 

however, it was relatively longer at the pinch-off. A single satellite droplet was 

formed, which quickly merged with the main droplet to form a single droplet.  
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Figure 4.3- Various stages of droplet formation for Ag at 1020 °C with a jetting frequency of 500 Hz 

a) jetting voltage of 4.5 V showing the retraction of satellite droplet to the nozzle, b) jetting voltage of 

5 V showing the formation of uniform and satellite-free droplets, and c) jetting voltage of 5.5 V 

showing the formation of single satellite droplets. 

 

When the jetting voltage was increased to 5.5 V, the tail of the ejected material became 

more extended and thinner before the breakup. A single satellite droplet was formed 

at the pinch-off, but it could not catch the main droplet due to their considerable 

relative speed. Consequently, both main and satellite droplets flew down and were 

deposited onto the substrate. It has also been shown in the literature that high voltage 
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amplitudes cause longer ligaments, which are more prone to several pinch-off and the 

formation of satellite droplets [100]. It is noteworthy that in all the cases presented 

here, the pinching occurred in two positions, just below the orifice and above the 

bulbous head of the ligament. It has been shown that such a breakup is more prone to 

the formation of satellite droplets [230], with the head and tail velocities being the 

main controlling parameters. Whereas a single pinch-off at the top of the ligament is 

less prone to create satellite droplets, hence more favourable. 

The droplet head position, which is the distance between the bottom tip of the stream 

and the exit of the nozzle, is mapped in time for various jetting voltages, as 

demonstrated in Figure 4.4. These curved are obtained by measuring the stream length 

obtained from the JetXpert camera using Image Processing Toolbox in MATLAB (as 

described in the methodology section). This information is critical in setting the jetting 

velocity and, consequently, the speed of droplets in-flight. It is seen that the breakup 

length increased as the jetting voltage increased under identical conditions. This 

finding is consistent with those of Wang et al. [231] and Zhao et al. [232], who found 

longer streams at the breakup of metal and ink-based liquids in DoD devices. In other 

words, the droplet size is expected to increase as the jetting voltage increases. 

Moreover, it is seen that the slope of these graphs increases initially, implying that the 

stream was thinning and stretching vertically due to the acceleration effects. This is 

followed by a gradual decrease in the slope, indicating a declaration due to surface 

tension effects, where the stream head curvature increased and formed a rounder 

shape.  
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Figure 4.4- Ligament length of Ag at 1020 °C from the nozzle in time for various jetting voltages. 

 

It is also noted that breakup occurred at 150 µs regardless of the amplitude of the 

jetting pulse, leading to the conclusion that the pinch-off time is controlled by the pulse 

duration and not the pulse amplitude. Moreover, the jetting temperature influences the 

pinch-off time due to the variation of surface tension with temperature since the higher 

surface tension values have proven to promote an earlier droplet breakup [74]. The 

ligament velocity is equal to the slope of the stream trajectory, which increases as the 

jetting voltage increases. Accordingly, the jetting velocity was 1.2 m/s at 4.5 V, 

increasing to 1.7 m/s at 5.5 V. The linear increase of the ejection velocity by voltage 

amplitude corroborates the findings of a great deal of the previous work in inkjet 

printing [233]. The speed of individual droplets formed from these streams followed 

a similar trend and was faster at higher voltages. The 𝑊𝑒𝑗, which is obtained from the 

jetting velocity and the nozzle diameter (𝑊𝑒𝑗 = 𝜌𝑉𝑗
2𝐷𝑛/𝜎), increases as the jetting 

voltage increases. These findings indicate that the breakup time is independent of the 

𝑊𝑒𝑗, which is contrary to that of Beck et al. [95], who found that the breakup time 

decreased with increasing 𝑊𝑒𝑗 for molten Sn droplets in a pneumatic actuator. 
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As suggested in state of the art [8] and due to the independency of the Oh number from 

the velocity, this number is traditionally used to evaluate the printability of liquid 

metal. The Oh number, which only depends on the liquid's physical properties and the 

nozzle's geometry, controls the capillary-driven pinch-off of a fluid stream and the 

Rayleigh-Plateau instability of an infinite jet. The former sets the detachment from the 

nozzle, and the latter plays an essential role in forming the satellite droplets. The 

nozzle diameter in this study was 54 µm, so the Oh number was equal to 0.005 for all 

the cases. The 𝑊𝑒𝑗 was plotted against the Oh number as demonstrated in Figure 4.5 

a. The 𝑊𝑒𝑗 number was 0.78, 1.22, and 1.56 for the jetting voltage of 4.5 V, 5.0 V, 

and 5.5 V, respectively. The 𝑊𝑒𝑗 vs. Re number is demonstrated in Figure 4.5 b for 

the same cases. Interestingly, these data differ from the printability map established 

by Derby [9], where jetting of inks was limited to the Oh number in the range of 0.1 

to 1.  

The set of data in this thesis did not match the printability zone for metallic droplets 

suggested by Sukhotskiy et al. [75] either, where the printability range was limited to 

𝑊𝑒𝑗 > 5. It can be said the current printability criteria are limited to a set of specific 

materials or the nozzle size and a global printability criterion is missing in state of the 

art. In order to establish a criterion for the formation of satellite-free droplets, the speed 

and length of ligament should also be considered, on which the material properties, 

nozzle geometry, and jetting force play an essential role.             
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Figure 4.5- Droplet formation map based on dimensionless numbers a) Jetting We and Oh numbers, 

b) Jetting We and Re number. 

 

4.3. Effects of jetting voltage on droplets characteristics  

The droplets oscillate after the pinch-off until the motion is dampened and a nearly 

spherical shape is formed. It was noted that this process was faster at lower voltages 

due to the lower jetting speeds and the consequent lower initial kinetic energies of 

droplets. Once the droplets were spherical, their in-flight characteristics could be 

measured using the JetXpert stroboscopic camera (Figure 4.6). The measurements, 

such as droplet diameter, velocity, and trajectory, were performed at distances below 

the nozzle where the droplets were spherical. For example, in Figure 4.6, the first 

droplet was 500 µm below the nozzle, and the second droplet was 530 µm apart from 

the first droplet.  



Chapter 4: Droplet Formation in The MetalJet Process: Silver 

 

131 

 

 

Figure 4.6- In-flight droplet characteristics measurement using the JetXpert camera. 

 

The droplets’ sizes set the printed parts’ accuracy and resolution when manufacturing 

via metal jetting. This is due to the voxel-by-voxel definition of objects printed 

through this process. As mentioned in the literature review, one of the main 

applications of MetalJet is the micro-electronics and the accuracy of deposition onto 

precise locations plays an essential role in the performance of final printed objects.  

Moreover, the droplets should be identical in shape and size during the jetting to 

maintain precision. The diameter of droplets ejected with various jetting voltages was 

measured using the JetXpert camera for events of 150 droplets. As demonstrated in 

Figure 4.7 a-c, the droplets’ diameters were almost identical over 150 ejections for 

each scenario with standard deviations of 0.09 µm, 0.23 µm, 0.29 µm for jetting 

voltages of 4.5 V, 5.0 V, and 5.5 V, respectively. As expected, the droplets’ diameters 

increased as the jetting voltages increased, where the average diameters were 42.37 

µm, 44.11 µm, and 45.79 µm for 4.5 V, 5.0 V, and 5.5 V, respectively. This is in 

agreement with the findings of Feng et al. [100] and Ma et al. [101], who demonstrated 

that higher voltages yielded larger solder droplets using piezoelectric DoD actuators. 

Droplets ejected at the jetting voltage of 5.0 V were collected at 10 cm below the 

nozzle, as demonstrated in Figure 4.7 d. At such distances, the molten droplets were 

cooled below the liquidus temperature and impinged on the substrate in the solid state. 

The collected droplets were mounted on a carbon tape for SEM characterisations. As 
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observed in Figure 4.7 e, these droplets were uniform in diameter and had a spherical 

shape.  

 

 

Figure 4.7- Distribution of droplets’ diameter of droplets for events of 150 ejections with various 

jetting voltages a) 4.5 V, b) 5V, c) 5.5 V, d) in-flight solidified Ag droplets with the jetting voltage of 

5.0 V, collected at 10 cm below the nozzle, e) SEM image of the droplets presented in d. 

 

The characteristics of individual droplets after they were detached from the jetting 

stream and their oscillations were dampened are demonstrated in  Figure 4.8 for 

various jetting voltages for events of 150 droplets. It can be seen that the individual 

droplet’s speed increased as the jetting voltage increased. The average droplet speed 

was 0.36 m/s, 1.02 m/s, 1.59 m/s for jetting voltages of 4.5 V, 5.0 V, and 5.5. V, 

respectively. It was also seen that the jetting was stable, where for 150 droplets studied 

in this study, the speed variation was minimal, with a standard deviation of 0.009 m/s, 

0.008 m/s, and 0.004 m/s at 4.5 V, 5.0 V, and 5.5. V, respectively. The droplet 
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trajectory, the angle between the nozzle plate and the trajectory of consecutive 

droplets, was 89.97°, 90.02°, 89.95° at 4.5 V, 5.0 V, and 5.5 V, respectively, indicating 

an excellent perpendicular jetting. More importantly, the angular deviation was 0.05°, 

0.02°, and 0.01° for the respective jetting voltages. The angular deviation (𝜎𝑎𝑛𝑔𝑢𝑙𝑎𝑟 ) 

causes the mis-displacements in the deposition location, leading to printing 

inaccuracy. The mis-displacement also depends on the standoff distance (𝑑𝑁−𝑆) and 

is defined by 𝜎𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 = 𝜎𝑎𝑛𝑔𝑢𝑙𝑎𝑟 × 𝑑𝑁−𝑆. In MetalJet, the standoff distance is 1 

mm for the printing experiments. Accordingly, for the optimised jetting voltage of 5 

V in the case of Ag, the deposition inaccuracy is estimated 0.35 µm due to trajectory 

deviation.  

 

Figure 4.8- Characteristics of individual droplets in-flight for various jetting voltages a) droplets 

speed and b) trajectory of droplets. 

 

Figure 4.9 demonstrates the relation between the jetting voltage and the droplets’ radii 

and speeds for Ag droplets ejected at 1020 °C at various jetting frequencies. It was 

found that the jetting frequency did not influence the droplet formation characteristics. 

This finding is consistent with that of Verkouteren et al. [234], who showed that at 

frequencies of 10 Hz to 10,000 Hz, the droplet velocity and mass were not varied by 

the jetting frequency. More importantly, the droplet size increased up to 9 % on 

average as the jetting voltage increased from 4.5 V to 5.5 V, while the jetting speed 

increased to 77 % in the same interval. Even though the jetting voltage can be 

considered a strong tool to control the droplet’s speed, its flexibility margin is limited. 
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The main reason is the satellite formation due to a slight deviation from the optimised 

jetting voltage. In this experiment, satellites were formed at both 4.5 V and 5.5 V. At 

V < 4.5 V; there was not adequate force to expel the droplets from the nozzle and at 

V > 5.5 V, and droplets were sprayed from the nozzle in random directions in an 

uncontrolled manner. The linear increase of droplet velocity with the jetting voltage 

in this study corroborates the earlier finding in ink jetting processes [94]. A similar 

relation stands for the droplet volume and jetting voltage.  

  

Figure 4.9- Droplet’s radius and speed variation as a function of jetting voltage for Ag at 1020 °C. 

The error bars represent the maximum and minimum values. 

 

Comparing the results to the literature review shows that the droplet formation 

sequences and behaviour in piezoelectric actuators and MHD have similar trends. In 

both techniques, if push-pull pulses are used, the time at which the stream is pinched 

at the nozzle depends on the waveform duration and not the amplitude of the jetting. 

This can also influence the droplet size, as the longer pulse duration increases the 

volume of material ejected from the nozzle before the breakup. Furthermore, it was 

observed that in piezoelectric [100], [101], [235], [236], and the MHD actuator used 

in this thesis, the droplet size was also influenced by the jetting voltage. Similarly, the 

droplet speed increases as a function of jetting voltage for both actuation methods [94], 

[235]. 
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According to this study, we define seven categories for droplet ejection:  

1. Stable and satellite-free droplet formation.  

2. No ejection: when the force is not sufficient to create an adequate motion in 

the molten material and eject a droplet.  

3. Hide and seek mode: a meniscus bulges out of the nozzle, but the momentum 

is insufficient to overcome the surface tension at the orifice, and the material 

is retracted back.  

4. Satellite formation (mode I): when the droplet and one satellite droplet are 

formed during the pinch-off, but the satellite is retracted to the nozzle (Figure 

4.3 a). 

5. Satellite formation (mode II): when the droplet and one satellite droplet are 

formed, but the satellite is merged with the main droplet (Figure 4.3 b). 

6. Satellite formation (mode III): the droplet and one satellite droplet are formed, 

but the satellite is not retracted to the nozzle, nor can it catch the main droplet 

(Figure 4.3 c). 

7. Spraying: when only satellite droplets are sprayed from the nozzle in various 

directions.  

4.4. Summary 

The formation of uniform and consistent droplets is the primary challenge to address 

in the DoD processes. Although this topic has been widely studied for aqueous fluids 

used in inkjet printers, only a few works are available in the literature investigating 

the droplet formation of metallic droplets. To the best of the author’s knowledge, the 

generation of metallic microdroplets through MHD actuator devices is missing in the 

literature. To fill the gap in the knowledge, this chapter provided insight into the 

mechanism of microdroplet formation for a high-temperature metallic material (Ag). 

Furthermore, the effects of the jetting voltage and frequency on the ejection 

mechanism and the characteristics of droplets in flight were investigated. The main 

finding of this research can be summarized in the following points: 

• The characteristics of droplets obtained from stroboscopic photography 

demonstrated high reproducibility of droplet formation in the MetalJet system. 
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Droplets were uniform in shape and size, and their trajectories were 

perpendicular to the nozzle. 

• Satellite-free droplets were formed when the optimal jetting voltage was used, 

and deviation from the optimal value caused the formation of satellite droplets. 

The satellite droplets resulted from one or several breakups in the free 

ligament, forming multiple smaller and slower droplets than the main droplet. 

• The breakup length and, consequently, the droplet size increased as the jetting 

voltage increased. In contrast, the breakup time was independent of the jetting 

voltage and is expected to be controlled by waveform properties such as dwell 

time.  

• The jetting and droplet speeds increased as the jetting voltage increased.  

• Comparing the results obtained in this chapter with the literature about inkjet 

printing droplet formation using piezoelectric actuators, it was observed that 

jetting voltage effects on droplet characteristics are similar. In other words, the 

droplet size and velocity increase with the jetting voltage in both techniques.  
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5.  Droplet Dynamics and Solidification in The 

MetalJet Process: Copper, Tin, and Silver 

 

 

 

Due to the droplet-by-droplet nature of fabrication in MetalJet, a comprehensive 

understanding of the individual droplets’ behaviour on deposition, including the 

morphology, is one of the second steps to be addressed. Droplets’ morphology results 

from the simultaneous spreading and solidification of molten droplets as they impact 

on the substrate. Despite extensive research on droplet spreading in isothermal 

conditions [109], metallic droplets’ spreading and solidification mechanisms at 

medium and high temperatures, particularly at a micro-scale, are still exclusive. This 

chapter investigates the spreading and solidification of single Sn, Ag, and Cu droplets 

using an integrated computational, analytical, and experimental approach, as 

demonstrated in Figure 5.1. This brings insight into the influencing parameters that 

define the droplets’ morphology and provides the required elements to control them 

in the context of DoD-MJ. The morphology of individual droplets on deposition is a 

key element since it defines the inter-droplet space required during the printing 
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process. Moreover, it influences the resolution and the surface roughness of the final 

printed object, hence should be thoroughly investigated.  

 

Figure 5.1- The second challenge in DoD-MJ and the methodology implied in this thesis to address 

it, referring to Figure 52. 

5.1. Model verification 

In order to provide verification of the numerical model used in this work, in particular, 

the proposed relation for the thermal resistance coefficient and effective thermal 

conductivity multiplier, pure Sn (grade 5N) droplets with various droplet/substrate 

temperatures were deposited on Sn substrates. Sn was chosen for these validation 

studies since its low melting point provides the condition of substrate melting, which 

could be used to validate the proposed model.  

 

A FIB secondary ion image of a cross-sectioned Sn droplet deposited at 655C onto 

an Sn substrate at 50C is shown in Figure 5.2 a. The droplet-substrate interface, 

indicated by the black arrows, is partially visible, implying that the substrate did not 

melt during droplet deposition in this zone. The droplet-substrate interface is partially 

visible, the white line indicated by the black arrows, indicating that the substrate did 

not melt during droplet deposition in this zone. In this case, ~ 14 µm of the contact 

line is melted, and ~ 25 µm is not melted. As per Figure 5.2 b, the length of the melted 

interface has increased for the Sn droplet deposited at 755C onto an Sn substrate at 

50C. In this case, the droplet melted the contact surface up to a radius of ~ 26 µm and 
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only ~ 9 µm remained un-melted. As the deposition temperature was increased to 

955C (Figure 5.2 c), the entire Sn substrate interface was melted. Alternatively, the 

interface of an Sn droplet at 655C deposited onto an Sn substrate at 100 C was 

investigated. In Figure 5.2 d, the interface is partially visible, implying partial 

substrate melting. Here, the molten droplet melted the contact surface up to a radius 

of ~ 28 µm from the droplet centre, but an annulus of ~ 18 µm remained un-melted. 

In the un-melted zone, the grains within the droplet nucleated at the interface with the 

substrate. Whereas in the melted section, common grains formed from the inner zone 

of the substrate. 

 

Figure 5.2- FIB-SEM cross-section of individual Sn droplets deposited on an Sn substrate a) 𝑇𝑑𝑟𝑜𝑝 =

655 °𝐶 and 𝑇𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 = 50 °𝐶 indicating partial remelting of the substrate interface, and b  𝑇𝑑𝑟𝑜𝑝 =

755 °𝐶 and 𝑇𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 = 50 °𝐶 indicating partial remelting of the substrate interface, c) 𝑇𝑑𝑟𝑜𝑝 =

955 °𝐶 and 𝑇𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 = 50 °𝐶 indicating complete remelting of the substrate interface, and d) 

𝑇𝑑𝑟𝑜𝑝 = 655 °𝐶 and 𝑇𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 = 100 °𝐶 indicating partial remelting of the substrate interface. 
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The four scenarios shown in Figure 5.2 were simulated using the thermal FE model. 

In Figure 5.3 a-d, three locations on the surface of the substrate were chosen, two of 

which correspond to the warmest and coldest nodes. These nodes are below the 

droplet's centre and edge, respectively. The third node is where the substrate 

temperature reaches the melting point of Sn. From this location toward the droplet’s 

edge, the substrate temperature remains below the melting point of Sn. As illustrated 

in Figure 5.3 a when Tdroplet = 655 °C and Tsubstrate = 50 °C, the interface 

temperature remains below the melting point of Sn up to a periphery of 25 µm from 

the droplet’s edge during the droplet cooling and solidification. The un-melted 

interface is 12 µm and 3 µm from the droplet’s edge as the droplets temperature 

increase to 755 °C (Figure 5.3 b) and 955 °C (Figure 5.3 c), respectively, with the 

substrate at 50 °C. Figure 5.3 d demonstrates the interface temperature evolution 

when Tdroplet = 655 °C Tsubstrate = 100 °C. It is seen that the interface below the 

droplet centre exceeds the melting temperature of Sn, the same behaviour is observed 

up to a periphery of 28 µm from the centre.” 
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Figure 5.3- Sn substrate temperature evolution at the interface of an Sn droplet when: a) 𝑇𝑑𝑟𝑜𝑝 =

655 °𝐶 and 𝑇𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 = 50 °𝐶 for nodes below the droplet centre, 25 µm from the droplet edge, and 

the droplet edge, b) 𝑇𝑑𝑟𝑜𝑝 = 755 °𝐶 and 𝑇𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 = 50 °𝐶 for nodes below the droplet centre, 12 

µm from the droplet edge, and the droplet edge, c) 𝑇𝑑𝑟𝑜𝑝 = 955 °𝐶 and 𝑇𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 = 50 °𝐶 for nodes 

below the droplet centre, 3 µm from the droplet edge, and the droplet edge, and d) 𝑇𝑑𝑟𝑜𝑝 = 655 °𝐶 

and 𝑇𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 = 100 °𝐶 for nodes below the droplet centre, 18 µm from the droplet edge, and the 

droplet edge. 

5.2. Morphology of individual copper droplets 

DoD-MJ is a very interesting technology in the electronic industry because of the 

flexibility and versatility it offers in fabricating micro-electronic components. The 

primary materials to be printed using this technology should possess the electrical and 

thermal properties required in this industry. Surpassed only by Ag, Cu has the highest 

electrical conductivity among metals, and it is a highly ductile material. Cu is 
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relatively inexpensive when compared to its metallic competitors, such as Ag and Au, 

and it has excellent thermal conductivity. It is also relatively resistant to oxidation at 

room temperature. These properties make Cu an interesting metal in the DoD-MJ 

process. However, despite a great interest in the direct printing of Cu, it has been 

scarcely investigated in the state of art due to the challenges related to its high melting 

temperature (1085C) and challenges related to its printability due to its high surface 

tension and viscosity [237]. Moreover, slag formation due to the possible reaction of 

Cu with oxygen or the metal used in the cartridge can block the nozzle. The main 

objective of this section is to better understand the MHD metal deposition of Cu, 

further explain the experimental observations, and investigate the morphology of 

droplets. This is achieved through an integrated experimental and computational 

approach. For this purpose, single Cu droplets at 1120 C were ejected onto a Cu 

substrate kept at 500 C using MetalJet and were characterised. The motivation for 

this set of parameters was jetting stability at this specific temperature, and the 

maximum reachable substrate temperature was 500 C when these experiments were 

performed. It was noted that at lower substrate temperatures, the adhesion to the 

substrate was limited, such that characterisation was not feasible. The ejected droplets 

in this study were uniform and had an average diameter of ~80 m. In parallel, a 

computational model was established to predict the thermal evolution of the droplets 

and substrate. The intensive computational effort to simulate the spreading dynamics 

of the droplet was avoided by utilising the experimentally observed droplet 

morphology and implementing this into a 3D FE thermo-mechanical model. However, 

the convective effects in the liquid droplet were still considered by applying a modified 

thermal conductivity for the liquid metal. The thermal resistance between the droplet 

and substrate, and temperature-dependent material properties were also considered. It 

is considered that this combined experimental and 3D thermo-mechanical modelling 

approach provides a sufficiently accurate and computationally efficient method of 

investigating the MetalJet process to achieve the aims of the study. 
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5.2.1. Droplet’s spreading and solidification  

As the Cu droplets make contact with the substrate, they spread and solidify, forming 

ripples on the droplet’s periphery, as can be seen in the FIB-SEM images in Figure 

5.4. Ripples have also been reported in previous works [13], [133], however, in this 

study, the striations are more widespread. It is likely that the droplets solidified 

practically instantly at the moment of impact in the bottom portion (yellow dashed 

double arrow) such that the solidification rate was greater than the spreading rate, 

leaving no ridges. Whilst in the top portion (yellow double arrow), where solidification 

was slower, the droplet oscillated, spread and recoiled. If solidification occurs during 

this oscillation, the observed ripples are frozen into the droplet’s surface. The results 

from the computational thermal analysis of a single droplet cooling on a substrate are 

used to support this argument.  

 

Figure 5.4- Morphology of single Cu droplet deposited on a Cu substrate, forming ripples on their 

periphery during the solidification: a) side view, b) top view. 

 

The ejected droplets cooled in-flight and were deposited at 1090 C on the substrate. 

According to the thermal profile of a single Cu droplet at 1090 C deposited onto a 

500 C Cu substrate in Figure 5.5-a:c, solidification initiates at the interface, where 

the droplet is in direct contact with the cooler substrate. Indeed, conduction with the 

substrate, which acts as a heat sink, is the dominant mode of cooling. The solidification 
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front moves upwards through the droplet, and in less than 50 µs after the impact, the 

entire droplet solidifies. After 1 ms, the droplet reaches steady-state, i.e., the droplet 

temperature is uniform and equal to the substrate temperature. This is faster than the 

time interval before the deposition of the second droplet using a jetting frequency of 

500 Hz, which is equal to 2 milliseconds. Comparing the experimental results versus 

the computational results, the ridges observed in Figure 5.4 follow the solidification 

planes predicted by the numerical simulation (Figure 5.5). As per the droplet 

temperature evolution in Figure 5.5 d, the material freezes practically instantly at the 

interface when it contacts the cooler substrate, whilst remaining liquid in the top 

section.  

Solidification in the uppermost sections is slower for two reasons: (1) cooling through 

convection and radiation is negligible compared with cooling through conduction with 

the substrate and (2) the release of latent heat during solidification. Towards the 

bottom of the droplet, the latent heat energy is invested in heating the substrate and 

has a minor influence on the droplet’s cooling speed. Contrarily, in the top section of 

the droplet, cooling is slowed by the release of the latent heat of solidification. Indeed, 

the computational modelling proves that the presence of more ridges at the top sections 

of the droplet is due to the differential solidification rates.   
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Figure 5.5- 3D profile temperature whilst single droplet cooling, taken at a real-time of a) t=7 µs, b) 

t=27 µs, c) t=47 µs, d) temperature evolution of nodes in the top, middle, and interface of the droplet. 

 

It is proposed that the various observations in the literature regarding droplet ripples 

can be attributed to the use of different droplet and substrate materials, droplet size, 

and droplet initial temperatures. All of these factors will affect the rate of solidification 

and/or frequency of oscillation of a droplet, which in turn affects whether, and where 

the oscillatory movement of the droplet will be ‘frozen in’. For example, in [17] and 

[30], the wavelength of stirations on the surface of droplets decreased bottom up, such 

that there were no ridges on the top section of droplets. Three factors contribute to the 

contradictory observation regarding the pattern of these ridges in the mentioned 

literature and this study.  Firstly, these findings were reported for Al and Al-alloy 

droplets printed onto a Ni substrate. The Cu substrate and Cu droplets used in this 

study have a higher thermal conductivity than the Ni substrate and Al droplets, 

inducing a faster solidification, in particular close to the interface.  

Secondly, the size of the droplets in those studies was 1.5 mm in diameter. The smaller 

droplets in this study dissipate their thermal energy into the substrate at a higher rate. 
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Thirdly, in our research, droplets were deposited just above their melting point, 

whereas in previous studies, the liquid metal was superheated to 100 C or 200 C 

above the melting point. These three facts result in a slower cooling rate in those 

studies, which in turn leads to simultaneous progress of solidification front into the 

oscillating liquid, hence the formation of ripples in the bottom sections. In the top 

section, with the slower rise of the solidification front, the viscosity damped 

oscillations and left no striation trace behind. In our study, the solidification time was 

faster than one oscillation interval in the bottom section where no ripple was formed. 

Striations were formed only in the top section, where solidification is relatively slower, 

based on the explained mechanism. 

5.2.2. Effects of surface roughness on droplet’s morphology 

The effects of surface roughness on the deposition characteristics of the droplet have 

been studied in the literature due to its importance in many biological and industrial 

processes. The objective of these studies, which were mainly focused on the 

isothermal conditions, was to evaluate the final morphology of droplets deposited onto 

structured surfaces [238]–[240]. These studies have shown that surface heterogeneities 

govern the dynamic behaviour of the droplet and lead to contact angle hysteresis. In 

this section, effect of surface roughness on the droplet’s morphology in a non-

isothermal condition, i.e., simultaneous spreading and solidification, is studied. For 

this purpose, Cu droplets at 1120 C were ejected onto Cu substrates at 775 C, which 

were polished using SiC papers with grit sizes 2500 and 4000. The surface roughness 

was measured with an optical 3D measurement system, Alicona InfiniteFocusG4, and 

the average height deviations from the mean value, i.e., 𝑅𝑎, were equal to 0.01 µm and 

0.1 µm.  

The first information obtained from Figure 5.6 is the influence of the roughness on 

the spreading of the contact line at higher surface roughness. The surface irregular 

heterogeneities acted as pinning sites and produced asymmetric local deformation, 

leading to an irregular final morphology compared to the droplet deposited at lower 

surface roughness. It is very likely that the rugged features on the surface act as micro-

capillary bridges, preventing the contact line from de-pining and receding from the 
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roughness features. These results are accentuated due to the high surface tension of 

Cu, for which makes the recoiling of the molten material more complicated. The 

interface of Cu droplets printed on a Cu substrate solidified almost instantly (< 10 µs) 

due to the high thermal conductivity of Cu. As a results, the droplet printed on a 

rougher surface froze in-place before receding from the irregularities in the surfaces.    

 

Figure 5.6- Effect of surface roughness on Cu droplet morphology. 

Besides the irregularities in the morphology of individual droplets, the higher surface 

heterogeneities create an issue regarding the repeatability of droplet morphologies, as 

shown in Figure 5.7. The irregular droplet shapes may eventually cause pores and 

gaps between droplets since the inter-droplet distances cannot be kept constant during 

printing. Moreover, the liquid metal cannot enter the irregular solidification ripples 

and fill the pores. Both of which decrease the density and properties of printed parts. 

Due to the undesired effects caused by rougher surface roughness, this parameter was 

kept constant throughout the thesis, and the substrates were etched or polished with 

fine SiC papers of grit sizes 4000.  
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Figure 5.7- Effect of surface roughness on the repeatability of droplet morphology. 

 

5.3. Morphology of individual tin droplets 

Sn, with a melting temperature of 232 C, is an interesting metallic element for DoD-

MJ investigations since it provides a wide range of jetting temperatures. The lower 

melting temperature of Sn compared to Cu solves the previously mentioned issues 

associated with the slag formation at the nozzle level due to the reaction of molten 

material with the coating inside the cartridge. Moreover, the solidification period of 

Sn droplets can be extended by maintaining the substrate temperature at temperatures 

close to its melting point. In addition, Sn has a good printability thanks to its relatively 

lower surface tension. It also has a good compatibility with many metals, providing a 

wide range of substrate materials. Consequently, Sn was chosen in this section to 

provide insight into the spreading and solidification during printing metallic 

microdroplets using DoD-MJ. This brings the necessary elements to optimise the 

jetting and deposition parameters involved in producing consolidated 3D prints. For 

this purpose, single Sn microdroplets at low We numbers with various temperatures 

were deposited onto substrates of various temperatures and materials using the 
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bespoke MetalJet platform. The deposits were characterised to correlate their quality 

to the printing parameters. In parallel, a FE model was used to predict the temperature 

evolution of the droplets and substrate during solidification and cooling. These 

simulations allowed the investigation of features of the process beyond the resolution 

available to experimental analysis. Finally, the time scales of the droplets’ oscillation 

and damping were calculated using analytical methods to provide information on the 

dynamics of droplet spreading.  

The four principal phases during the impact and spreading of a metallic microdroplet 

onto a substrate are schematically presented in Figure 5.8. At the early stage of impact, 

i.e., the kinematic phase, the contact diameter increases with time, regardless of the 

wettability between the droplet and the substrate. In the context of metallic 

microdroplets at a low We number, this stage has a short duration of only several 

microseconds (less than 10 µs). In the spreading stage, which usually lasts a tenth of 

a microsecond, the contact line is pushed outward radially, and a rim lamella is formed 

on the periphery of the contact line (Figure 5.8 b). Once the contact line is reached its 

maximum extent, the surface forces act against the further spreading of the droplet, 

and the contact line starts to recede. Here, the dynamic contact angle (𝜃𝑑) is smaller 

than the equilibrium contact angle (𝜃𝑒). It has been shown numerically and 

experimentally that, as in the kinematic phase, wettability does not play a role in the 

spreading phase [112], [116]. In the first two stages, the liquid motion is dominated 

by inertia forces. The contact line of the retracted droplet (𝜃𝑑 > 𝜃𝑒) advances during 

the relaxation phase, and the dynamic contact angle decreases. During this phase, 

which usually lasts longer than the previous ones, wettability becomes an influential 

parameter, and it will be determined if the droplet will continue to recoil and oscillate 

or rebound. The liquid motion in the droplet decelerates at the wetting phase until a 

steady contact diameter is obtained. The contact angle is equal to the equilibrium 

contact angle in the non-reactive wetting, and the steady contact angle in the reactive 

wetting. 
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Figure 5.8- Schematic representations of droplet impact and spreading timeline, and dynamic contact 

angle evolution. 

Droplet spreading is controlled by the jetting speed (𝑉), initial diameter (𝐷), density 

(𝜌), dynamic viscosity (𝜇), surface tension (𝜎) of the droplet, and the wettability of the 

substrate, which manifests as the contact angle (𝜃). These parameters can be organised 

into dimensionless numbers, of which Weber (𝑊𝑒) and Ohnesorge (𝑂ℎ) are the most 

important to characterise the spreading dynamics for the low impact speed 

microdroplet. The We number (𝑊𝑒 = 𝜌𝑉2𝐷/𝜎) determines the driving force for 

droplet spreading onto the substrate. For We>1, the spreading is mostly impact-driven, 

while for We<1, it is capillarity-driven, which means the interfacial forces play the 

deterministic role in driving the spreading process. On the other hand, the Ohnesorge 

number (𝑂ℎ =
𝜇

 √𝜌𝜎𝐷
) determines the resistance force. The resistance force is mostly 

the viscosity for high Oh numbers, while for lower Oh numbers, it is the inertia. 

The specific set of parameters used in this section is presented in Table 5.1. The 

minimum ejection temperature used in this study is 670 °C, which is the minimum 

working temperature in the MetalJet system (detailed in chapter 3). The maximum 

jetting temperature for Sn was 1000 °C, and jetting at higher temperatures caused slag 

formation at the nozzle level and deterioration of the jetting stability. The deposition 

temperature is calculated based on the method explained in section 3.2.1. The room 

temperature, medium, and high (12 °C below the melting point of Sn) substrate 

temperatures were chosen to investigate the effects of the substrate temperature. The 

room temperature substrate provides the conditions for the fastest solidification rate. 

Whereas keeping the substrate just below the melting point of the Sn permits 

investigating the droplet’s dynamics in the wetting phase. Indeed, the higher substrate 

temperature results in a slower cooling rate in a droplet due to a limited heat transfer 
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to the substrate, which is proportional to the temperature gradient between the droplet 

and the substrate. An intermediate substrate temperature was chosen to provide the 

minimum sample size for the investigation. Finally, Sn, Zn, and Cu were chosen for 

substrate materials due to their metallic compatibility with Sn droplets.  

 

Table 5.1- Specific set of parameters used to investigate the Sn droplets' final morphology. 

 

 

5.3.1. Effect of superheat temperature 

The morphologies of Sn droplets jetted at 670 °C, 850 °C, and 1000 °C onto a Cu 

substrate at 130 °C (the first row in Table 5.1) are shown in Figure 5.9 a-c. The 

mushroom shape of the lower temperature droplets changed to an ovoid shape as the 

droplet temperature increased. At the same time, horizontal solidification ripples were 

present on the peripheries of droplets in all cases. The temperature evolution of the 

droplet during impact and solidification is calculated by the FE thermal model (Figure 

5.9 d) and is compared against the oscillation and damping periods. In this study, We 

number is in the range of 0.76 to 0.81, and Oh number is ≅ 0.002. Hence the capillary 

forces are the main driver for the spreading, and the inertia is the resistance force. For 

such conditions, the oscillation and damping periods are analytically obtained by 

Equations 62 and 63 [120] and the results are demonstrated in Figure 5.9 e): 

𝑡𝑜𝑠𝑐 = 2.3 √𝜌𝑥3/𝜎                                             (Equation 65) 
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𝑡𝑑𝑎𝑚𝑝 = 0.035
𝑥2

𝜗
                                                (Equation 66) 

Where 𝜗 is the kinetic viscosity and x is the height of the liquid droplet.  

After impact, the superheated droplets freely spread on the substrate based on the 

mechanism explained in Figure 5.8. The local solidification at the interface, which 

arrests the contact line and impedes further spreading, occurred during the relaxation 

phases (Figure 5.8 c). The pinning of the contact line occurs when the droplet’s 

temperature at the interface (shown with dashed lines in Figure 5.9 d) dips below the 

solidification temperature of Sn.  

 

Figure 5.9- Morphology of individual Sn droplets deposited onto a copper substrate at 130 °C, for 

droplets ejected at temperatures a) 670 °C, b) 850 °C, c) 1000 °C.  

 

According to the FE numerical simulations, solidification at the interface occurs after 

only 33 µs from the droplet’s impact onto the substrate for an initial droplet 

temperature of 670 °C. The time before solidification at the interface increases as the 

initial droplet temperature increases; at 850 °C and 1000 °C, it occurs at 42 µs and 47 

µs, respectively. After that, droplets continue to oscillate until they completely 

solidify, as indicated by the temperature at the top of the droplet in Figure 5.9 d. The 

time for the droplet to completely solidify is longer than the predicted oscillation 

period for all cases (Figure 5.9 e). This prediction is supported by the experimental 

evidence of ripples on the droplets, which formed when the oscillations were frozen 

in place. The appearance of ripples also shows that there was not enough time for the 

oscillations to be damped by the viscous effects prior to droplet solidification. This is 
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consistent with the damping period being longer than the solidification time, as 

predicted in Figure 5.9 e.  

 

 

Figure 5.10- Cooling curves at the central nodes in the interface and top of the droplets when 

deposited with various superheat temperatures. 

 

The spacings between the ripples at the top section of the droplets are smaller, which 

is due to the decreasing time of oscillation (Figure 5.9 e) and the slower solidification 

front motion (Figure 5.9 d). The oscillation period decreases since the effective 

(liquid) radius decrease with time. Based on the numerical simulations, the bottom of 

the droplet, at the interface with the substrate, cools down at the highest rate, while the 

top of the droplet is the last part to solidify. The interval between frozen ripples is a 

product of the speed at which the solidification front moves upwards and the 

oscillation period of the remaining liquid. Since they decrease toward the top of the 

droplet, the wavelength between ripples is shorter in the experimental observation.  
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Figure 5.11- Evolution of oscillation and damping periods for the droplets when deposited with 

various superheat temperatures. 

 

Figure 5.12 shows the solidification contact angle for various droplet temperatures, 

experimentally measured from 15 droplets per condition. This angle corresponds to 

the dynamic contact angle at which the droplet motion has been frozen by 

solidification. It was observed that the solidification contact angle decreased as the 

temperature increased. Depending on the superheat temperature, the solidification 

likely occurred between the relaxation and wetting phases.  
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Figure 5.12- The spreading factor and solidification contact angle as a function of initial droplet 

temperature for substrate at 130 °C. The error bars represent the standard deviation. 

 

For higher droplet temperatures, this process was delayed, which resulted in a smaller 

solidification angle. In the context of DoD-MJ, a solidification angle of 90° or less is 

desired, such that no voids or gaps form between adjacent droplets. Another critical 

parameter in the droplet deposition is the spreading factor (𝑆𝑚𝑎𝑥), which is the ratio 

of the maximum diameter (𝐷𝑚𝑎𝑥) to the initial diameter of the droplet (𝑆𝑚𝑎𝑥 =

𝐷𝑚𝑎𝑥/𝐷0). 

The spreading factor is an essential piece of information in droplet-based 3D printing 

since it defines the required overlap between droplets to build consistent parts. The 

spreading factor (Figure 5.12) increased monotonically with the droplet temperature, 

which is attributed to two main factors. Firstly, the lower surface tension of Sn at 

higher temperatures. Secondly, and more importantly, the prolonged local 

solidification at the interface for higher droplet temperatures. As in the wetting phase, 

the latter allows the droplet to spread further before the contact line is arrested. This 

also provided more time for a smaller contact angle. 
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5.3.2. Effect of initial substrate temperature  

The second row in Table 5.1 presents the three undercooling temperatures (∆𝑇 =

𝑇𝑚 − 𝑇𝑠) investigated in this section, where 𝑇𝑚 is the melting temperature of the 

droplet and 𝑇𝑠 is the substrate temperature. As demonstrated in Figure 5.13, the final 

shape of a droplet with the same initial deposition temperature (670 °C) varies 

significantly based on the substrate temperature.  

 

Figure 5.13- Morphology of individual molten Sn droplets at 670 °C onto a Cu substrate with an 

initial temperature of a) 30 °C, b) 130 °C, and c) 220 °C. 

 

The cooling curves at a central node in the droplet at the interface and droplets top in 

Figure 5.14 are presented to explain the variation in the morphology of droplets as a 

function of substrate temperature. At a low substrate temperature (30 °C), concurrently 

with the outward spreading of the contact line (stage b in Figure 5.8), the molten 

material in the close vicinity of the substrate froze and formed a “solid crust”. In this 

case, the solidification was very rapid (Figure 5.13 a), such that the contact line was 

pinned before further spreading. The molten material in the upper sections pulled back 

due to the surface tension. Moreover, oscillations in the upper section during 

solidification left the familiar ripples on the surface of the droplet. With an increase of 

substrate temperature to 130 °C (Figure 5.13 b), the local solidification period 

increased, which provided time for the droplet to reach the relaxation phase (Figure 

5.8 c) before the contact line was pinned by solidification. Similar to the droplet with 

the lower substrate temperature, the molten material in the top section oscillated and 

solidified in a layer-by-layer fashion from the bottom to the top. At the substrate 

temperature close to the melting point of the droplet, i.e., 220 °C (Figure 5.13c), the 
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local solidification was sufficiently slow (70 µs) to enable the droplet to enter the 

wetting stage (Figure 5.8 d) before the contact line was pinned due to solidification. 

It is seen that the influence of the initial substrate temperature on the cooling rate of 

the droplet is more significant than the initial droplet temperature. The time required 

for the droplet to completely solidify increased significantly with the substrate 

temperature from 114 µs to 572 µs, i.e., more than four folds for a temperature increase 

from 30 °C to 220°C.  

 

Figure 5.14- Cooling curves at the central nodes in the interface and droplet top deposited on the 

substrate at various temperatures.  

 

Another important piece of information in Figure 5.13 is the evolution of ripples’ 

formation on the surface of the droplets at various substrate temperatures. The 

evolution of oscillation and damping periods with time for the various substrate 

temperatures are presented in Figure 5.15. Even though the solidification speed was 

lower at higher substrate temperatures (130 °C compared to 30 °C), the ripples on the 

peripheries were almost alike in Figure 5.13 a and b. This can be explained by the 

longer oscillation period for higher substrate temperatures (Figure 5.15), which is 

indeed a consequence of slower solidification. However, as per Figure 5.13 c, the 
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droplet's surface was completely smooth after the solidification of the molten droplets 

at the elevated substrate temperature. The main reason for such behaviour is that for 

the 220 °C substrate, the bulk solidification period was longer than the damping period 

(Figure 5.14 and Figure 5.15); such that the viscosity dampened the oscillations 

before they froze in place.  

 

Figure 5.15- Evolution of oscillation and damping periods for the droplets when deposited with 

various undercooling temperatures. 

 

The spreading factor and solidification contact angle as a function of the substrate 

temperature are shown in Figure 5.16. The spreading was halted by local freezing 

very quickly (14 µs) at low substrate temperatures (30 °C). Consequently, a ring 

lamella was frozen in place, and a large surface area was pinned to the substrate. This 

accounts for the apparently anomalous results at the lower temperature in Figure 5.16. 

At the intermediate substrate temperature, the surface area was relatively smaller since 

the local solidification occurred later, allowing the droplet to recoil after the initial 

spreading phase. Higher substrate temperatures, close to the melting point of Sn, 
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delayed the solidification process such that the droplet had enough time to enter the 

wetting phase, with increased spreading and decreased contact angle compared with 

the results at the intermediate temperature.  

 

Figure 5.16- The spreading factor and solidification contact angle as a function of initial substrate 

temperature for droplets jetting at 670 C. The error bars represent the standard deviation. 

 

5.3.3. Effect of substrate material 

The side views of individual Sn droplets deposited with an initial temperature of 670 

°C onto Cu, Zn, and Sn substrates at 30 °C (the third row in Table 5.1) are presented 

in Figure 5.17 a-c. The influence of the substrate material on the final shape of 

droplets is more pronounced than that of the substrate or droplet’s initial temperatures. 

As shown in Figure 5.17 a-b, the contact line of an Sn droplet on an Sn substrate 

solidified during the relaxation phase instead of the spreading phase for the Cu 

substrate, despite their identical droplet and substrate temperatures. Both substrates 

are wettable by Sn, however, their dissimilar morphologies upon deposition arise from 

the different thermal properties of the substrates.  
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Figure 5.17- Morphology of individual molten Sn droplets at 670 °C deposited onto a) Cu, b) Sn, and 

c) Zn substrates at 30°C.  

 

Figure 5.18 demonstrates the notable influence of the substrate thermal properties on 

the cooling behaviour of droplets. The thermal conductivity of Cu is almost six times 

higher than Sn at room temperature. Consequently, the local solidification at the 

interface of a Cu substrate occurs faster (14 µs) than an Sn substrate (71 µs), leading 

to an altered contact line arrest and, subsequently, different morphologies. During the 

experiments, it was observed that most liquid Sn droplets did not adhere to the Zn 

substrate but were instead bouncing off. The wettability of the substrate by the droplets 

profoundly influences the deposition behaviour in this regard. If the substrate is not 

wettable by the droplet, it can lead to a receding break up, which was observed during 

the deposition of Sn on Zn, Figure 5.17 c. Generally, the initial spreading is fast and 

independent of the substrate's wetting properties. Consequently, it is only during the 

relaxation phase, where the droplet starts recoiling and oscillating, that de-wetting can 

potentially occur [20]. It has been proposed that re-bouncing is a violent form of 

droplet oscillation [28] that happens so fast that droplets bounce off the substrate. 

Solidification also plays an essential role in a rebound from the substrate. According 

to the study by Kim et al. [28] regarding the recoil of Sn droplets from a non-wetting 

surface, the bouncing off phenomenon potentially occurs when the solidification time 

at the interface is longer than the oscillation period.  
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Figure 5.18- Cooling curves at the central nodes in the interface and droplet top deposited on various 

substrates.  

 According to Figure 5.18 and Figure 5.19, the contact line arrests 93 µs after the 

impact on the Zn substrate, while the initial oscillation period is 54 µs, which explains 

the re-bouncing of droplets in this case. Unlike the cases for the other substrates, when 

depositing on Zn, the droplet’s surface was smooth at the top, since the viscosity was 

able to dampen the liquid oscillations prior to solidification Figure 5.18 and Figure 

5.19. The slow solidification is ascribed to the small droplet-substrate contact area due 

to the poor wetting and the lower heat conductivity of Zn compared to Cu. 
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Figure 5.19- Evolution of oscillation and damping periods for droplets deposited on various 

substrates. 

The interfacial solidification period for the droplet on the Zn substrate was relatively 

long, and the droplet likely had enough time to spread fully before it solidified. 

However, as per Figure 5.20, the solidification contact angle was more than 90°, 

confirming that Zn is not wettable by Sn. The droplet had pinned to the Sn substrate 

during the wetting phases, also the solidification contact angle was 86° on average, 

which is greater than the equilibrium contact angle. However, the value being less than 

90° proves that the substrate is wettable by the droplet. The spreading factor was lower 

than the unit value for the Zn substrate since the droplet pulled back due to the poor 

wettability, while it was more than one for the Sn substrate. The contact angle and 

spreading factor on the Cu substrate were discussed in 3.2.2.  
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Figure 5.20- The spreading factor and solidification contact angle as a function of the substrate 

material for droplets jetted at 670C onto substrates at 30C. The error bars represent the standard 

deviation. 

 

5.4. Morphology of individual silver droplets  

Ag is the most conductive metal and has the potential to be used in the electronic 

industry for radio frequency identification antennas, touch screens, printed circuit 

boards, and flexible/ wearable electronics. Ag is widely used as the catalyst for many 

processes [241], [242] and has been proven beneficial in electrochromic and energy 

storage devices [243]. Moreover, Ag is regarded as one of the most effective 

alternatives to antibiotics; hence, medical devices such as breathing tubes, catheters, 

artificial bones, and scaffolds are sometimes coated with Ag to fight against infections 

[244]. Silver ions penetrate the cell walls of bacteria without injuring mammalian 

cells, thus destroying the chemical and structural bonds essential for the bacteria’s 

survival and growth. Ag is ductile and lustre, so it is widely used for jewellery and in 
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micro-electronics devices such as smartphones, which can be bent into narrow spaces 

without breaking. These reasons make Ag an interesting metal in DoD deposition 

processes, however, due to its high melting temperature (962 °C) the research in the 

field has been mainly restricted to nano particle ink jetting technologies to date.  

The main issue with the Ag nanoparticles suspensions inks is the lower electrical 

conductivity compared to the bulk material because of the residual solvent or the 

presence of pores between the sintered nanoparticles [105], [245]. Moreover, the 

printed parts usually suffer from an undulating surface morphology, surface defects, 

internal cracks, and voids [53]. Furthermore, inkjet printing of high-aspect-ratio 

structures is still challenging. Therefore, printing the Ag nanoparticles is mainly 

restricted to 2D printing, due to the spreading dynamics of low viscosity inks used in 

inkjet processes. The pre-processes, such as ink formulation and nanoparticle 

synthesis [246], as well as postprocessing, such as sintering [247], are inevitable 

aspects of nanoparticle inkjet printing, which cause extra complications, time, and 

costs for this technology. Ag does not oxidize in air; however, it reacts with the 

hydrogen sulphide in the air and creates a silver sulphide layer which is not very 

conductive. Recent studies have discovered that Ag nanoparticles have toxic effects 

on various mammalian cell lines, which causes severe doubts about the uptake of the 

technology in medicine [248]. 

The most straightforward solution to overcome the mentioned challenges related to 

the printing of highly conductive Ag structures with high aspect ratio and resolution 

is the DoD-MJ. However, most metal jetting techniques are limited to low melting 

temperature metals such as Sn and Al. The current high-temperature metal jetting 

techniques in the literature are limited to the large droplet size (hundreds of microns) 

[21], [237], which impede achieving the high resolutions required for electronic 

applications. Moreover, these techniques are restricted by the low jetting frequencies 

due to the use of pneumatic actuators. To the best of the author’s knowledge, only one 

research work has overcome the barriers of printing high-temperature microdroplets 

[11], where an MHD actuator was used to print Ag droplets of less than 100 

micrometres at 500 Hz. Despite the significant progress, the printed Ag structures in 
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their study suffered from a lack of consolidation between droplets, which is 

detrimental to the electrical conductivity. Therefore, there is a need to bridge the gap 

and propose a technical solution that enables printing Ag structures with acceptable 

properties. In addition, there is also a great interest in studying the interplay between 

the spreading and solidification of Ag droplets. Despite the extensive research on the 

droplets dynamics at the isothermal depositions [114], [249] and for low-melting 

temperature droplets [136], [216], the spreading and solidification mechanisms of 

metallic droplets at high temperatures, in particular at a micro-scale, is still unclear 

from the literature. 

In this study, the MetalJet platform was used to investigate the feasibility of printing 

fully consolidated 3D structures in Ag. To this aim, the spreading and solidification of 

individual Ag droplets ejected at various temperatures onto Ag substrate at various 

substrate temperatures, presented in Table 5.2, are studied through an integrated 

computational, analytical, and experimental approach. The set of parameters 

corresponds to the minimum and maximum jetting temperatures for Ag using the 

MetalJet platform, which are 1040 °C and 1200 °C. At temperatures above 1200 °C, 

Ag reacts with the coating inside the cartridge and produces vapour, destabilising the 

jetting process. Additionally, an intermediate temperature of 1120 °C was 

investigated. The substrate temperatures were kept constant at room temperature, with 

a maximum substrate temperature (775 °C), and an intermediate temperature (400 °C). 
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Table 5.2- Specific set of parameters used to investigate the Ag droplets' final morphology deposited 

onto Ag substrates. 

 

5.4.1. Droplet’s dynamic and solidification 

The sequences of droplet spreading since it impacts on the substrate, which is an 

interplay between the inertia and surface tension forces, is demonstrated schematically 

in Figure 5.21. During the early stages of spreading, mainly driven by the droplet’s 

inertia, the descending bulk of material pushes the fluid near the substrate radially 

outwards and forms a rim at the contact line Figure 5.21 a-d. The rim continuously 

grows while the droplet’s top remains unchanged with a spherical cap shape. As 

depicted in Figure 5.21 a-f, the apex continuously descends until it breaks into the rim 

and creates a hole inside it. At this stage, the droplet starts recoiling, and the apex 

region, in the centre of the droplet, turns into a strong jet which rises. The possible de-

wetting and bouncing off could occur in this period if the substrate is not wettable by 

the droplets. The capillarity effects soon force the apex (jet) downwards Figure 5.21 

g-i. 
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Figure 5.21- Schematic representations of impact and spreading evolution of Ag microdroplets. 

 

The morphology of individual droplets ejected at temperatures of 1200 °C, 1120 °C, 

and 1040 °C onto the substrate at 775 °C (the first group in Table 5.2) is demonstrated 

in Figure 5.22 a-c. It is seen that the shape of droplets changes remarkably as a 

function of the initial droplet temperature. Whereas the droplet at higher temperature 

has a rounder shape, the droplet at lower temperature has a hat-like morphology. The 

morphology of the droplets in Figure 5.22 is a consequence of an interplay between 

droplet dynamics and solidification.  

 

Figure 5.22- Morphology of individual Ag droplets for various droplet temperatures a) 1200 °C, b) 

1120 °C, c) 1025 °C deposited onto an Ag substrate at 775 °C. 
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The gradual solidification height in time, obtained from the numerical simulation, and 

the estimated ripple distance from the analytical analysis are demonstrated in Figure 

5.23. It is seen that droplets deposited on the substrate at 775 °C fully solidified in 

36.6 µs, 40.4 µs, and 43.7 µs when ejection temperatures were 1040 °C, 1120 °C, and 

1200 °C, respectively. These periods correspond to the sequences h to i, in Figure 

5.21. Another interesting observation from Figure 5.22 is the presence of 

solidification ripples on the surface of these droplets. The solidification ripples result 

from the droplet’s oscillatory motion coinciding with the solidification front moving 

from the interface to the droplet’s top. The solidification rate obtained from the 

computational simulation and the oscillation period obtained from the theoretical 

scaling analysis can explain the formation of such ripples. The ripple distance, i.e., the 

distance between the peak of each of two consecutive waves, is a product of the 

oscillation period multiplied by the solid front speed. 

The solidification ripples on the periphery of droplets deposited at 775 °C and their 

interval decreased as the solidification front elevated. The graph in Figure 5.23 

correctly predicts the absence of solidification ripples in the bottom section of the 

droplet at 1040 °C and the formation of these ripples in the top section. The accordance 

is attributed to the interval distance being higher than the solidified height at the initial 

stage and the opposite correlation in the top section. The computational and analytical 

results also match the experimental results for droplets at 1200 °C, where ripples were 

predicted all over the droplet with a narrower wavelength on the top section. The 

results, however, indicate a similar trend for the droplet at 1120 °C, while from 

experimental observation, no ripples were observed on the bottom section, identical to 

the droplet at 1040 °C. This signifies that the solidification speed may be faster than 

our computational results.  
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Figure 5.23- Droplets’ solidification timeline based on simulation and analytically predicted ripple 

distances based on the droplets dynamics for various droplet temperatures deposited onto an Ag 

substrate at 775 °C. 

 

Figure 5.24 demonstrates the morphology of droplets ejected at temperatures of 1200 

°C, 1120 °C, and 1040 °C onto the substrate at 400 °C (the second group in Table 

5.2). Droplets with a higher initial temperature have a sharper cap shape compared to 

the spherical cap at the substrate of 775 °C. On the other hand, droplets ejected at 1040 

°C have a toroidal shape.  
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Figure 5.24- Morphology of individual Ag droplets for various droplet temperatures a) 1200 °C, b) 

1120 °C, c) 1025 °C deposited onto an Ag substrate at 400 °C. 

 

The gradual solidification height in time, obtained from the numerical simulation, and 

the estimated ripple distance from analytical analysis is demonstrated in Figure 5.25. 

The solidification period for droplets deposited onto the substrate at 400 °C is shorter 

and is equal to 13.9 µs, 15.1 µs, and 16.4 µs when ejection temperatures are 1040 °C, 

1120 °C, and 1200 °C, respectively. These periods correspond to the sequences f to g 

in Figure 5.21, which signifies droplets freeze in place at these frames before they 

complete the spreading to an equilibrium state. There is no solidification ripple in the 

periphery of droplets deposited onto the medium substrate temperature in Figure 5.24. 

The expected ripple distance for the tested scenarios obtained for the simulations in 

Figure 5.25 is considerably larger than the droplet’s solidification height at medium 

substrate temperatures. Consequently, no ripples can be observed in these cases. In 

other words, the solidification speed of the droplets on 400 °C substrates are too fast 

compared to the speed of the ripple formation.  
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Figure 5.25- Droplets’ solidification timeline based on simulation and analytically predicted ripple 

distances based on the droplets dynamics for various droplet temperatures deposited onto an Ag 

substrate at 400 °C. 

 

Figure 5.26 demonstrates the morphology of droplets ejected at temperatures of 1200 

°C, 1120 °C, and 1040 °C onto the substrate at 25 °C (the third group in Table 5.2). It 

is seen that these droplets have a toroidal shape regardless of the ejection temperature. 

The solidification period for droplets of 1040 °C, 1120 °C, and 1200 °C deposited to 

a room-temperature substrate is 9.2 µs, 10.1 µs, and 10.9 µs, respectively. It is notable 

that the solidification period decreases significantly as the substrate temperature 

decreases, and interestingly, the ejection temperature becomes less influential. The 

similarity of droplet morphologies at low-temperature substrates stems from the latter. 

Droplets with various initial temperatures deposited onto the substrate at 25 °C freeze 

to the substrate at frame f in Figure 5.21. Despite the similarities between the 
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morphology of the droplet ejected at 1040 °C onto a substrate at 400 °C and the 

droplets deposited onto the room temperature substrate, they are distinguishable by 

the smaller inner diameter of the toroid in the former. The slower solidification rate in 

this case provides more time for the apex to rise and to narrow the hole caused by the 

surface tension forces.   

 

Figure 5.26- Morphology of individual Ag droplets for various droplet temperatures a) 1200 °C, b) 

1120 °C, c) 1025 °C deposited onto an Ag substrate at 25 °C. 

 

The gradual solidification height in time, obtained from the numerical simulation, and 

the estimated ripple distance from the analytical analysis are demonstrated in Figure 

5.27. Similar to the substrate at medium temperature, the expected wavelength of the 

ripples is considerably larger than the droplet’s height at low substrate temperature. 

Consequently, no ripples can be observed in these cases. As an example, for the 

droplets with the initial temperature of 1120 °C on the substrate at 25°C, the expected 

ripple distance in five microseconds after deposition is 33 µm, whereas 24 µm of the 

droplet’s height has already solidified at this time (24 µm liquid). In such a case, the 

oscillatory motion of the droplet will not be frozen in place due to the droplet’s fast 

solidification rate. In other words, the solidification speed of the droplets on 25 °C and 

400 °C substrates is too fast compared to the speed of the ripple formation.  
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Figure 5.27- Droplets’ solidification timeline based on simulation and analytically predicted ripple 

distances based on the droplets dynamics for various droplet temperatures deposited onto an Ag 

substrate at 25 °C. 

 

The solidification period and spreading sequence during which the contact line was 

halted are summarized in Table 5.3 for all the simulated cases. 
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Table 5.3- The solidification period of Ag droplets deposited to Ag substrates at various droplet and 

substrate temperatures and the spreading sequence during which the contact line was halted. 

Substrate temperature 

(°C) 

Ejection temperature 

(°C) 

Solidification period 

(µs) 

Contact line arrest in 

spreading sequence 

775 

1040 36.6 h 

1120 40.4 h 

1200 43.7 i 

400 

1040 13.9 f 

1120 15.1 g 

1200 16.4 g 

25 

1040 9.2 f 

1120 10.1 f 

1200 10.9 f 

    

5.5. Summary 

In DoD printing processes, 3D parts are fabricated through the deposition of individual 

droplets onto designated locations according to a CAD file. Fully dense structures 

could be obtained if the spreading and solidification of droplets are controlled to 

enhance the precision of the process. For instance, the spacing between droplets must 

be attentively optimised at the first step, for which predicting the final morphology of 

droplets on the substrate after the solidification is essential. In this chapter, the 

dynamics of droplets from impact to solidification, which set the final shape of 

droplets, were studied for Sn, Ag, and Cu through an integrated computational, 

analytical, and experimental approach.  

It was found that the substrate material is the most influential parameter in setting the 

droplets’ morphology since its wetting and thermal properties are critical to the 

droplets’ dynamics and solidification, respectively. First, the substrate should be 

wettable by the liquid metal droplets, otherwise, droplets most likely bounce off from 

the substrate on deposition. Moreover, the substrate’s thermal properties define the 

rate of heat exchange between the droplet and substrate and consequently determine 

the time and position of the contact line arrest alongside the solidification rate. 
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Furthermore, it was shown that the droplet and substrate initial temperatures also play 

an essential role in the droplet’s solidification rate and the contact line arrest, with the 

substrate temperature being more influential since it acts as a heat sink. Droplets at 

higher temperatures, containing higher thermal energies, deposited onto substrates 

with low thermal conductivity and maintained at higher temperatures undergo a slower 

heat dissipation into the substrate.  

The study presented in this chapter enabled understating the underlying physics of 

droplets dynamics and solidification in the context of DoD-MJ for Cu, and Ag. This 

knowledge can be extended to new materials, in order to predict the morphology of 

droplets on solidification. Moreover, the numerical tools developed in this thesis can 

be used to optimise the process parameters for new materials such that the desired 

quality is met.  

The specific outcomes of the study are listed as follows:  

• Cu droplets deposited just above their melting point were practically instantly 

solidified upon impact onto the substrate. The solidification rate at the droplet's 

bottom section was faster than one oscillation period, as observed by a ripple-free 

morphology. Whereas on the top area of the droplet, with a slower solidification 

rate due to the latent heat effects, solidification ripples were formed.  

• Sn droplets on a medium temperature Cu substrate were pinned to the substrate 

during the early stage of the relaxation phase when the contact line was not fully 

advanced. Consequently, a higher solidification contact angle was obtained, 

leading to potential inter-droplet voids in the printed parts.   

• Ripples forming on the Sn droplet’s periphery during solidification disappeared at 

elevated substrate temperatures. The high substrate temperature, close to the 

melting point of Sn, induces long solidification periods, such that the viscosity 

effects damp the oscillations before they freeze in place. Furthermore, the delayed 

solidification provided enough time for the droplet to enter the wetting phase, lead 

to a higher spreading factor and a decreased contact angle compared with the 

results at the intermediate temperature. 
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• The Sn droplets wetted the Cu and Sn substrates. In contrast, the Zn substrate 

demonstrated poor wettability, leading to potential droplet rebound upon impact, 

making it impossible to print a consistent part onto a Zn substrate. 

• The high thermal conductivity of Ag and micron-order size of the droplets 

provided the opportunity of observing the toroidal morphology of solidified 

droplets on an Ag substrate for the first time. Droplets ejected at various 

temperatures shared similar toroidal morphologies with no solidification ripple at 

room and medium substrate temperatures, both of which were caused by extremely 

high solidification rates. In comparison, the droplet deposited on higher substrate 

temperatures had a more common cap-like shape. 
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6. Formation of Droplet- Substrate Interface and 

Microstructure: Copper, Tin, and Silver 

 

 

 

The quality of the printed parts by DoD-MJ is mainly dictated by two factors, namely 

the droplet-to-substrate adhesion and inter-droplet bonding. These parameters 

influence the mechanical performance and structural integrity of the manufactured 

components. Hence, it is imperative to study the interface/interphase formation at both 

levels attentively. The main objective of this chapter was to underpin the mechanisms 

of the droplet to substrate bonding for Cu, Sn and Ag droplets deposited on various 

substrate materials and under various process conditions. To investigate the bonding, 

the interfaces of individual droplets with the substrate were characterised, and the 

experimental observations were analysed with the aid of computational simulations as 

demonstrated in Figure 6.1. The numerical results provided information not accessible 

with the experimental set-up, including the droplet and substrate temperatures’ 

evolution and the maximum substrate temperature uptake during deposition. 
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Figure 6.1- The third and fourth challenges in DoD-MJ and the methodology implied in this thesis to 

address it, referring to Figure 52 

 

There are three bonding mechanisms during droplet deposition: (I) physical 

adsorption, where two surfaces are joined together through the weak van der Waals 

forces, (II) strong metallurgical bonding through melting the substrate, and (III) 

diffusion of atoms between the substrate and the droplet, leading to epitaxial growth 

or formation of an intermetallic (IM) layer in dissimilar materials. The properties of 

both the droplet and the substrate, i.e., their chemical composition, microstructure, and 

temperature-dependent diffusive phenomena, which takes place at the interface, 

dictate the level of bonding.  Therefore, a high substrate temperature, a similar 

chemical composition or good compatibility between the droplet and the substrate, 

and an oxide-free substrate surface favour a more robust adhesion.  

The bonding level in substrate melting is the strongest, hence being more favourable. 

However, a considerable energy level is required for this type since the substrate acts 

as a heat sink because of its significant mass difference from the microdroplets. 

Another bonding mechanism, so-called mechanical interlocking, is counted for 

thermal spraying processes, which is created by localized plastic deformation at the 

interfaces [250]. This type of bonding is achieved only if the droplet’s speed exceeds 

a critical impact velocity, moreover, the strength of adhesion is usually weaker 

compared to chemical bonding. In most DoD-MJ technologies, the droplet speed is 

roughly 100 to 500 times less than the critical speeds for interlocking, consequently, 

this bonding mechanism is not considered in the current thesis.  
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6.1. Adhesion of Cu droplets to a Cu substrate  

Individual Cu droplets were deposited onto Cu substrates using the parameters 

presented in Table 6.1 through the MetalJet platform, and the interfaces were 

characterised using the protocol explained in chapter 3. In parallel to the experimental 

investigation, the temperature evolution of the droplets and substrate was calculated 

using the FE model presented in Chapter 3. The motivation for this set of parameters 

was the stability of jetting at this specific jetting temperature. Initially, the maximum 

stage temperature had been limited to 500 C, which was upgraded according to the 

intermediate results through the thesis to accommodate for the maximum temperature 

of 750 C. It was noted that at substrate temperatures below 500 C, the adhesion of 

Cu droplets to the Cu substrate was limited, such that characterisation was not feasible 

(droplets were peeled-off from the substrate during the manipulation). The maximum 

substrate temperature was chosen based on the limitation is the system, including the 

highest temperature the stage and the printhead can stand. The working distance during 

printing experiments is usually 1 mm, so the permanent magnets in the printhead may 

lose their magnetic properties if exposed to higher temperatures from the substrate 

throughout the printing process. Moreover, the stage holder and printhead surrounding 

are made of Al (melting temperature ~ 670 C). Consequently, the rational decision 

was made to limit the stage heating to 800 C.  

The droplets in this study were uniform, with an average diameter of ~ 80 m in sets 

one to three in Table 6.1 and ~ 60 m in the fourth set. The variation in the droplet 

size originated from the difference in the nozzle’s diameter used in the experiment. In 

the MetalJet system, the nozzle diameter mainly defines the droplet size. Slag 

formation at the nozzle level, which in turn varies the nozzle diameter, can also lead 

to a droplet size variation. The substrates were polished to obtain the surface roughness 

of 𝑅𝑎 = 0.01 µm and 𝑅𝑎 = 0.10 µm. The surface roughness sets the thermal 

resistance between the droplet and substrate (Equation 47), influencing the heat 

transfer from the liquid droplets to the substrate.  
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Table 6.1- specific set of parameters used for evaluating the adhesion of Cu droplets to the Cu 

substrates. 

 

6.1.1. The mechanism of droplet-substrate bonding  

In the cross-sectional view of a single droplet shown in Figure 6.2, the interfacial line 

between the droplet and the substrate is clearly visible. It was also observed that the 

droplet was only loosely attached to the substrate, confirming the absence of substrate 

melting to form a fusion (metallurgical) bond between the droplet and substrate. A 

similar issue was reported in [11] for Ag droplets deposited onto a Cu substrate. 

Moreover, there was no sign of a preferential grain orientation due to a potential 

epitaxial growth at the interface, consequently, no interdiffusion has occurred. Also, a 

gap can be seen between the droplet and substrate at the droplet’s edge, which is 

indicative of distortion of the droplet due to residual stresses (this is marked in Figure 

6.2 b by a double-headed arrow). However, what was not clear without further 

investigation is whether the residual stress caused delamination at the interface or 

whether it is the lack of bonding at the interface resulting in no constraint from the 

substrate to residual stress-induced deformation. Another feature observed in Figure 

6.2 is that the droplet had a polycrystalline microstructure with large grains compared 

to the size of the droplet, such that each droplet consists of ~ 8 to 14 grains. The large 

grain size suggests heterogeneous nucleation over the substrate surface. The 

heterogeneous nucleation is attributed to the imperfections on the substrate caused by 

polishing, yielding the initial nucleation sites. Also, the surface defects provide the 

condition for adequate undercooling in the absence of impurities in the deposited 

droplet. However, the low crystallites suggest a low nucleation rate resulting from a 
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small undercooling. The latter can be attributed to the poor contact at the interface. It 

was also observed that the grains were directed from the substrate interface toward the 

droplet’s top, indicating a directional heat flux.  

 

Figure 6.2- FIB-SEM cross-section of individual Cu droplet deposited on a Cu substrate showing a) 

droplet’s polycrystalline microstructure with large grains, b) absence of substrate remelting or 

diffusion at the interface, and droplet delamination in the edges. 

 

The cross-sectional views of the droplet and substrate’s thermal profile obtained by 

numerical simulations in Figure 6.3 a-c show the substrate heating from contact with 

the droplet. It can be seen that the affected area of the substrate is quite local to the 

contact site, which is not surprising given the small mass of the droplet and hence the 

amount of thermal energy available for transfer to the substrate. The substrate 

temperature reached a maximum value of 760 °C at the central point of the interface, 

which is far below the melting point of Cu (1084°C). This temperature is also below 

the required temperature to promote the diffusion of Cu atoms between the two 

surfaces [251], particularly as this level of high temperature was maintained only for 

a few tens of microseconds. Consequently, metallic bonds did not form at the interface, 

and droplets were attached to the substrate through physical adsorption 

(physisorption), in which the droplet’s molecules are attracted towards the substrate’s 
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molecules by weak Van der Waals forces. This explains the poor droplet-to-substrate 

bonding observed in the experimental results. 

 

Figure 6.3- Cross-sectional profile views of temperature during single droplet deposition, taken in 

real-time of a) t=7 µs, b) t=27 µs, c) t=547 µs after deposition. 

 

Various process parameters contribute to the bonding level in the case of similar 

material deposition. The next sections discuss the effect of the substrate temperature, 

droplet size, and surface roughness on the bonding level. The droplet’s temperature is 

also a contributing factor, however, due to the challenges involved with the ejection 

of Cu, this parameter has not been included in the current study.  

6.1.2. Effects of substrate temperature on the droplet-substrate bonding 

Based on the knowledge obtained from the study in section 6.1.1, the most plausible 

solution to enhance the bonding level between droplets and substrate was to increase 

the substrate temperature. Preheating the substrates to improve the adhesion of 

droplets is a common practice in thermal spraying technologies [5], [252]. To this aim, 

the stage heater in the MetalJet platform was upgraded to account for further heating, 

up to 800 C, the maximum temperature the stage can tolerate. Droplets under the 

same conditions (second line in Table 6.1) were deposited on substrates at 500 C and 

750 C and were FIB cross-sectioned to evaluate the bonding level.  
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The droplet interface with the substrate at 750 C in Figure 6.4 demonstrates that the 

preheating was insufficient to promote substrate melting. According to the numerical 

simulations, the maximum substrate temperature was 920 C in this case, which 

confirms the experimental observations. However, it seems crystal grains grew in 

epitaxy with the substrate closer to the droplet centre. An EBSD analysis was 

necessary to confirm this hypothesis but scanning the cross-section zone was 

impossible due to the geometry of the samples. 

 

Figure 6.4- Cross-section of individual Cu droplets deposited at 1090 °C onto Cu substrates at 500 

°C and 750 °C to investigate effects of the substrate temperature on droplet-substrate. The inset 

presents the close-up of the interface indicated in the black box. 

 

Nevertheless, increasing the initial substrate temperature had a visible influence on the 

solidification contact angle and the spreading factor, which were 0.95 and 1.09 for the 

substrates at 500 C and 750C, respectively. The solidification period was more 

extended for droplets deposited at higher substrate temperatures. Consequently, the 

contact line was pinned to the substrate at a later stage of spreading, leading to a higher 
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spreading factor and a narrower contact angle. These results can be somewhat 

discouraging, however, there is still room for further progress to improve the bonding 

at the interface. In future investigations, a substrate with a lower thermal conductivity 

can be chosen such that the heat dissipation to the large substrate volume is decreased. 

In such cases, higher interfacial temperatures can be expected. 

6.1.3. The effects of surface roughness on the droplet-substrate bonding 

The role of surface roughness on droplet adhesion to the substrate is scarcely 

investigated to date. To study the effects of the surface roughness on the droplet-

substrate bonding, droplets at the same conditions (the third line in Table 6.1) were 

printed on substrates polished using SiC papers with grit sizes 2500 and 4000. The 

surface roughness was measured with an optical 3D measurement system, Alicona 

InfiniteFocusG4, and the average height deviations from the mean value, i.e., 𝑅𝑎, were 

equal to 0.01 µm and 0.1 µm.  

The first information obtained from Figure 6.5 is the influence of the roughness on 

the spreading of the contact line at higher surface roughness. The surface irregular 

heterogeneities acted as pinning sites and produced asymmetric local deformation, 

leading to an irregular final morphology compared to the droplet deposited at lower 

surface roughness. It is very likely that the rugged features on the surface act as micro-

capillary bridges, preventing the contact line from de-pining and receding from the 

roughness features. In fact, the contact line is set to motion only if the micro-capillary 

bridges are separated from the surface. This happens by necking and rupturing or 

through depinning and receding from each roughness feature. Despite various studies 

on this topic [240] [253], the complete mechanism of de-pining is still not known. In 

the current thesis, the pinning of molten Cu in the heterogonies of the substrate is 

accentuated due to the high surface tension of the material.         

The metallurgical bonding through substrate melting was not obtained in either case 

in Figure 6.5 due to the low temperatures at the interfaces. Moreover, based on to the 

numerical simulations results, the roughness had a deteriorating impact on the 

substrate temperature uptake during the deposition. The maximum substrate 
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temperature was 920 C when 𝑅𝑎 = 0.01 𝜇𝑚, whereas, for the rougher surface, it was 

only 766 C. The effect of surface roughness on the bonding level was evaluated by 

performing a manual tape peel test. Standard tape tests (ASTM standard - D3359-09) 

are commonly used in nanoparticle-printed electronics [8] and thermal spraying 

technologies [248]. The SEM observations evidenced the increase in the bonding level 

at higher surface roughness after the test.  

The majority of the droplets (14 / 15 in the first experiment and 11/ 15 in the second) 

deposited on the smoother surface were peeled off. In contrast, only a few numbers of 

droplets (6 / 15 and 7 / 15 in the first and second trials, respectively) were removed 

from the rougher surface. Without a standard quantitative measurement, it cannot be 

concluded that increasing surface roughness enhances substrate adhesion. The results 

obtained from the tape peel test can be misleading since the tape was manually inserted 

and removed. However, the considerable difference in the tape peel-off test cannot be 

ignored. The better adhesion of droplets to the rougher surface can be attributed to the 

surface tension-related forces acting along the bases of the capillary bridges during the 

spreading. The interlocking of droplets to these heterogeneities during the 

solidification could create a relatively stronger bond. As discussed in section 5.2.2, 

due to the undesired effects of surface roughness on droplet morphology, this 

parameter is kept constant in this thesis and 𝑅𝑎 equal to 0.01 µm is used for the 

experiments.  
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Figure 6.5- Effect of surface roughness (𝑅𝑎 = 0.01 µ𝑚 𝑎𝑛𝑑 𝑅𝑎 = 0.1 µ𝑚) on the droplet-substrate 

bonding for deposition of Cu droplet on Cu substrate at 750 °C. The inset presents the close-up of the 

interface indicated in the black box. 

 

6.1.4. Effects of droplet size on the droplet-substrate bonding 

The effect of the droplet size on the bonding level was investigated by the ejection of 

droplets of 60 µm and 80 µm in diameter at the same deposition conditions (the fourth 

line in Table 6.1). The difference in the droplet size is related to the variation in the 

nozzle diameter. Larger droplets contain more initial thermal energy (∝ 𝑟3 ), in this 

case, the larger droplets had 2.4 times higher thermal energy. Moreover, they could 

release higher latent energies upon solidification (𝑄 = 𝑚𝐿), consequently, it is 

expected that larger droplets create a more robust adhesion to the substrate. It is noted 

that the in-flight cooling and convection heat exchange are supposed to be higher for 

larger droplets due to larger surface areas, however, their influences remain negligible. 

The FIB-SEM cross-sectional views of these droplets are illustrated in Figure 6.6. As 

expected, neither case attained the metallurgical bonding through substrate melting. 

However, these findings are somewhat limited to the unquantified FIB-SEM 
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observations, and adhesion strength cannot be compared between them. It is important 

to point out that the contact line of the smaller droplets was arrested faster, leading to 

a smaller contact area with the substrate. Therefore, the heat flux and the maximum 

substrate temperature are expected to vary compared to the larger droplet.   

 

Figure 6.6- Effect of droplet size of 60 µm and 80 µm in diameter on the droplet-substrate bonding 

for deposition of Cu droplet on Cu substrate at 750 °C. The inset presents the close-up of the interface 

indicated in the black box. 

 

6.2. Adhesion of Sn droplets to various substrates  

 

The low melting point of Sn provided the possibility of investigating the effects of a 

wider range of process parameters, mainly the ejection temperature on the droplet-

substrate bonding. Moreover, diffusion bonding between dissimilar materials could be 

evaluated since the material could be held in the liquid state for more prolonged 

periods using the preheated substrate. In this section, the effects of superheating 

temperature and substrate temperature on the droplet adhesion to the substrate were 

evaluated for Sn droplets deposited on a Cu substrate. Moreover, the bonding level 
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and mechanism of Sn droplets to various substrates (Sn, Cu, and Zn) were 

investigated. The specific set of parameters used in this section is presented in Table 

6.2. The minimum ejection temperature used in this study is 670 °C, the minimum 

working temperature in the MetalJet system (detailed in chapter 3). The maximum 

jetting temperature for Sn was 1000 °C, and jetting at higher temperatures caused slag 

formation at the nozzle level and deterioration of the jetting stability. The room 

temperature, medium, and high (12 °C below the melting point of Sn) substrate 

temperatures were chosen to investigate the effects of the substrate temperature. 

Finally, Sn, Zn, and Cu were chosen for substrate materials due to their metallic 

compatibility with Sn droplets. Due to the low melting point of Sn (232 °C), the 

interface of the Sn substrate was expected to melt during the deposition of superheated 

Sn droplets to create strong metallurgical bonding. Cu (1084 °C) is a high-temperature 

material; consequently, bonding through remelting is not expected to occur in this 

case. However, according to the literature, bonding through diffusion could be 

envisaged. Zn has a medium melting temperature (419.5 °C) and a higher diffusivity 

rate than Cu. As a result, it is interesting to investigate the bonding between Sn and 

Zn in the context of the DoD-MJ process. The integrated experimental and numerical 

approach used to assess the bonding of the individual droplets to the substrate was 

mentioned in Chapter 3.  

Table 6.2- Specific set of parameters used for evaluating the adhesion of Sn droplets to various 

substrates. 
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6.2.1. Effects of droplet temperature 

The FIB secondary ion images of the cross-sectioned interfaces of Sn droplets jetted 

at various temperatures onto a Cu substrate at 130 °C in Figure 6.8 a-c demonstrate 

the formation of intermetallic layers at the droplet-substrate interface at all conditions. 

Two types of intermetallic (IM) layers at the interface of liquid Sn and solid Cu are 

formed [254]–[257], which is predicted by the Sn-Cu phase diagram and is 

schematically presented in Figure 6.7. Initially, the liquid Sn reacts with the Cu 

substrate to form a layer of 𝜂 − 𝐶𝑢6𝑆𝑛5 as per: 

6𝐶𝑢 + 5𝑆𝑛 → 𝐶𝑢6𝑆𝑛5                                                 (Equation 66) 

Cu atoms diffuse from small grains to larger grains; thus, the initial thin layer 

transforms into coarsened 𝐶𝑢6𝑆𝑛5 scallops during the ripening process. In the 

following stage, it is thought that the Cu atoms react with the initial 𝐶𝑢6𝑆𝑛5 layer to 

form 𝜖 − 𝐶𝑢3𝑆𝑛 (Equation 65). This reaction is slower since it is solid-state rather 

than solid-liquid diffusion. The 𝐶𝑢3𝑆𝑛 grows in time, forming a layer thick enough to 

impede further diffusion of Cu in the 𝐶𝑢6𝑆𝑛5.  

𝐶𝑢6𝑆𝑛5 + 9𝐶𝑢 → 5𝐶𝑢3𝑆𝑛                                              (Equation 67) 
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Figure 6.7- Thermo-Calc generated Sn-Cu phase diagram and schematic representation of Cu atom 

diffusion into liquid Sn to form intermetallic layers. 

 

Figure 6.8- FIB-SEM cross-sections of the interfaces for droplets deposited at a) =670 °C, b) 850 °C, 

and c) 1000 °C onto a Cu substrate at 130°C showing the formation of IM layers with various 

consistency, d) the substrates temperature evolution at the interface during the solidification and 

cooling of droplets. 
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For the droplets deposited at 670 °C, the IM layer (Figure 6.8 a) was neither thick nor 

consistent. The integrity and thickness of this layer improved as the droplet 

temperature increased (Figure 6.8 b-c). Where the average IM layer thickness was 

0.29 µm, 0.36 µm, and 0.39 µm with a standard deviation of 0.15 µm, 0.13 µm, and 

0.06 µm for 670 °C, 850 °C, and 1000 °C droplets, respectively, hence, improved 

bonding levels at higher jetting temperatures can be assumed. As per Figure 6.8 d, the 

maximum substrate temperature at the interface was higher at more elevated jetting 

temperatures. However, the period of time at which these temperatures are maintained 

lasted less than a hundredth of a microsecond. This explains the negligible variation 

of IM layer thicknesses since the diffusion varies as a function of time and temperature 

[32].  

6.2.2. Effects of substrate temperature  

The FIB-SEM cross-sectional views of the interfaces for droplets deposited at 670°C 

onto a Cu substrate at various temperatures are demonstrated in Figure 6.9 a-c The 

temperature at the droplet-substrate interface and the duration at elevated temperature 

were not sufficient to promote the diffusion of the Cu atoms into the liquid Sn at 

𝑇𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 = 30°C. As a result, the bonding level was very poor (as evidenced by the 

droplets peeling off the substrate during handling samples after printing). Increasing 

the substrate temperature to 130°C resulted in a thin and non-consistent IM layer at 

the interface of 0.29 µm on average. At more elevated temperatures, close to the 

melting point of Sn, the IM layer grew to 1.8 µm on average (with a standard deviation 

of 0.32 µm) through coarsening of the 𝐶𝑢6𝑆𝑛5 scallops. Moreover, a layer of 𝐶𝑢3𝑆𝑛 

(0.39 µm) formed due to there being sufficient temperature and time for this reaction. 

This would be expected to increase the strength of bonding at the interface. The 

temperature evolution at the interface in Figure 6.9 d demonstrates that the maximum 

temperature obtained for the substrate at elevated temperature was 287°C against 

120°C for the substrate at room temperature. Once the steady temperature, i.e., the 

temperature at which the substrate was kept, was obtained, the diffusion process 
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continued with a higher rate for higher substrate temperature. Moreover, cooling of 

the substrates from elevated to room temperature extended the diffusion time in these 

cases.  

 

Figure 6.9- FIB-SEM cross-sections of the interfaces for droplets deposited at 670°C onto a Cu 

substrate at a) 30°C, b) 130°C, and c) 220°C, showing the formation of IM layers with various 

thicknesses, d) the substrates temperature evolution at the interface during the solidification and 

cooling of droplets. 

6.2.3. Effects of substrate material 

The FIB-SEM cross-sections of the interfaces for Sn droplets at 670 °C deposited onto 

substrates of various materials at 30 °C are shown in Figure 6.10 a-c. As previously 

explained (section 4.2.2), Cu atoms did not diffuse significantly into the liquid Sn 

droplets due to the low interfacial temperatures. However, a superheated Sn droplet 

may be expected to form a strong bond to an Sn substrate through substrate melting. 

However, the droplet and substrate are not fused (Figure 6.10 c), and the separation 

at the interface is clearly visible (white line), which indicates the absence of substrate 

melting. From the numerical simulations, the interfacial temperature reaches the 

highest value of 228°C for the Sn substrate at the droplet centre (Figure 6.10 d), which 
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is below the melting point of Sn. Hence a strong metallurgical bonding through 

melting cannot be expected. The low interfacial temperature is attributed to the thermal 

resistivity, which in turn is related to the surface roughness. As for the Zn substrate, 

no diffusion was observed despite the high diffusion rate of Zn atoms into the liquid 

Sn, which is higher than the inter-diffusion rate of Sn itself or the Cu diffusion rate. 

According to simulation results, the Zn substrate is heated only to 140°C during the 

droplet deposition, which is assumed not to be high enough to promote bonding 

through diffusion (similar to the Cu substrate, which was only heated to 120°C). The 

lower substrate temperatures reached by the Cu and Zn are attributed to their higher 

heat capacity compared to Sn. Consequently, no diffusion or melting is expected, as 

the melting point of Zn is 419.5°C. As observed experimentally, the droplets only 

weakly adhered to the Zn and Cu substrates through what can be attributed to van der 

Waals forces (physical adsorption).  

 

Figure 6.10- FIB-SEM cross-sections of the interfaces for droplets deposited at 670 °C onto a) Cu, b) 

Sn, and c) Zn substrates at 30 °C, d) the substrates temperature evolution at the interface during the 

solidification and cooling of droplets. 
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6.3. Adhesion of Ag droplets to an Ag substrate  

In this section, the effects of superheating temperature and substrate temperature on 

the droplet adhesion to the substrate were evaluated for Ag droplets deposited onto Ag 

substrates. The specific set of parameters used in this section is presented in Table 

6.3. The minimum ejection temperature used in this study is 1040 °C, the minimum 

ejection temperature for Ag. The maximum jetting temperature for Ag was 1200 °C, 

and jetting at higher temperatures caused slag formation at the nozzle level and 

deterioration of the jetting stability. The room temperature, medium, and high 

(maximum temperature in the MetalJet platform) substrate temperatures were chosen 

to investigate the effects of the substrate temperature. The integrated experimental and 

numerical approach used to assess the bonding of the individual droplets to the 

substrate was mentioned in Chapter 3. 

Table 6.3- Specific set of parameters used for evaluating the adhesion of Sn droplets to various 

substrates. 

 

6.3.1. High substrate temperatures  

The FIB-SEM image of the droplet-substrate interfaces for droplets ejected at 1040 

C, 1120 C, and 1200 C onto the substrate at 775 C and the substrate temperature 

evolution during the deposition obtained from the numerical simulations are 

demonstrated in Figure 6.11. The visible interface for the droplet ejected at 1040 C 

indicated that the substrate melting had not occurred in this condition. This was 
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confirmed through numerical simulations where the maximum substrate temperature 

was 920 C during the deposition. The grain contrast at the droplet interface at 1120 

C revealed the formation of refined grains in this area zone with a thickness of ~2 

µm.  

The numerical simulation results show that the droplet’s solidification rate was very 

high, and the contact line froze in less than tens of microseconds. At first glance, the 

grains with the size of 200 nm to 1.5 µm in this layer can be attributed to the high rates 

of thermal cycles, which promote a higher nucleation rate with insufficient time for 

the nucleus to grow. However, a closer observation makes it more probable that the 

thin layer is an epitaxial layer. The epitaxial growth from the substrate is also reported 

in thermal spraying [258] and L-PBF processes [259].  

 

 

Figure 6.11-The interface of Ag droplets deposited at a) 1200C, b) 1120C, and a) 1040C onto the 

Ag substrate at 7750C and the substrate temperature evolution at the centre of droplets obtained 

from the numerical simulations. 

Indeed, heterogeneous nucleation and epitaxial growth could occur during the 

solidification of metal droplets on a surface. The epitaxial growth is a special form of 



Chapter 6: Formation of Droplet- Substrate Interface and Microstructure:  

Copper, Tin, and Silver 

 

 

196 

 

crystal growth mechanism, during which the formation of nucleation sites is hindered 

[260]. Its occurrence mainly depends on various factors, including lattice mismatch, 

substrate crystalline structure [258], orientation, and external factors such as pressure 

and temperature [261]. The physical mechanism of both processes is the same and 

related to the diffusion and adhesion of liquid atoms to the nuclei or substrate surface. 

If most liquid atoms diffuse to the nuclei or melt interface, the droplet’s solidification 

is governed by heterogeneous nucleation. Otherwise, liquid atoms condense on the 

substrate without nuclei formation, and epitaxial growth occurs. The epitaxial growth 

can only occur if the epitaxial grains grow fast enough such that nuclei do not have 

enough time to form on the substrate surface [260].  

For the droplet under analysis, an epitaxial front has rapidly grown in the vicinity of 

the substrate, which is the first impact point. However, its growth was soon overcome 

by growing nucleated clusters in the top section of the droplet. In the thermal spraying 

process, the droplets with the epitaxial zone at the interface showed higher fracture 

strength compared to the polycrystalline zones [258]. Hence, a better droplet-substrate 

bonding is expected for the droplet at 1120 C. Finally, by increasing the ejection 

temperature to 1200 C, a strong metallurgical bonding through substrate melting was 

obtained. The numerical results demonstrate that the substrate temperature reached the 

melting point of Ag at this temperature, which is in good agreement with the 

experimental observations.  

6.3.2. Medium substrate temperatures  

The interface between the droplets ejected at 1040 C, 1120 C, and 1200 C onto the 

substrate at 400 C is demonstrated in Figure 6.12. The interface is clearly visible in 

all cases, indicating the lack of substrate melting. The maximum substrate temperature 

obtained from the numerical simulation was 756 C, 778 C, and 803 C for these 

cases, respectively, which is well below the melting point of Ag. Consequently, a 

strong droplet-substrate bonding is not expected. One interesting aspect of the data in 

Figure 6.12 is the microstructure of the droplets, which is more refined compared to 

the droplets deposited on the substrate at 775 C. This is attributed to the faster cooling 
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rates during the solidification process. The cooling rates of droplets at 400 C substrate 

was ~ 10 to 12 C/µs, while it was ~ 3.5 C/µs for the droplets deposited on the 

substrate at 775 C. 

 

 

Figure 6.12- The interface of Ag droplets deposited a) 1200C, b) 1120C, and a) 1040C onto the 

Ag substrate at 400C and the substrate temperature evolution at the centre of droplets obtained from 

the numerical simulations. 

 

What stands out in Figure 6.12 is the refined layer at the interface of the droplet at 

1200 C, similar to the droplet at 1120 C on the substrate at 775C (Figure 6.11). 

However, the InLens (secondary electron detector within column) image of this zone, 

shown in Figure 6.13 reveals that the refinement has taken place in the substrate, not 

the droplet. This layer resembles a grain refinement due to recrystallization, which is 

regularly observed at the interface of droplets in thermal spraying processes [262], 

[263]. Dynamic recrystallization is usually classified into rotational and migrational 

mechanisms related to the plastic deformation and annealing in the cooling regime 

after adiabatic heating [263]. Neither of these explanations can be responsible for the 

recrystallization at the substrate interface in this study since the droplets are gently 
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deposited on the substrate at the speed of 1-3 m/s. In contrast, droplets impact on the 

substrate with speeds as high as 300 m/s in thermal spraying processes.  

 

Figure 6.13- The recrystallization of the substrate interface during the deposition of Ag droplet at 

1200 C on a substrate at 400 C. 

 

Moreover, according to the numerical simulation results, the elevated temperature in 

these zones remains only for tens of microseconds, hence, there is not enough time for 

annealing. In recent years, it has been discovered that the refined grains observed in 

L-PBF, EBM, and DED processes can be indeed attributed to recrystallization (also 

called in-situ recrystallization) [264]–[267]. Rapid heating and cooling cycles during 

liquid metal deposition result in thermal strains and eventually lead to dislocations, 

mainly accumulated at the interface. These dislocations contain free energy that is not 

entirely released during the process. Consequently, the rearrangement of these 

dislocations from low dislocation density regions leads to recrystallization, and finally 

new sub-grain formation. During the so-called in-situ recrystallization, the nucleation 

via coalescence of sub-grains occurs at temperatures as low as 65% of the melting 

https://www.sciencedirect.com/topics/engineering/dislocation-density
https://www.sciencedirect.com/topics/engineering/coalescence
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temperature [265]. According to the numerical simulations in Figure 6.12, the 

substrate temperature in this case has been above this threshold for tens of 

microseconds.  

It is apparent from Figure 6.13 that the droplet-substrate bonding is relatively poor, 

and the droplet is already delaminated from the substrate. The high milling rates are 

partially responsible for such delamination, but it is evident that the bonding was not 

strong enough to resist the stresses produced during the process. What is not clear 

without further investigation is whether the recrystallization has played a role in 

inducing the poor bonding or whether it can enhance the mechanical properties of the 

material.  

6.3.3. Low substrate temperature  

The interface between the droplets ejected at 1040 C, 1120 C, and 1200 C onto the 

substrate at 25 C is demonstrated in Figure 6.14. Similar to the substrate at 400C, 

the visible interface between the droplet and substrate signifies a lack of bonding in 

the zone. This is attributed to the low substrate temperature, as evidenced by the 

numerical simulation results. This was confirmed by the droplets peeling off the 

substrate while handling samples after printing. The solidification rate of droplets 

deposited onto the room temperature substrate was ~16 - 23 C/µs, which is 1.5 to 2 

times higher than the solidification rate at 400 C substrate. As a result, grains are 

generally more refined for all ejection temperatures. In particular, fine equiaxed grains 

are observed at the interface, followed by fine directional columnar grains in the top 

section of the droplets. All of which is attributed to the considerable thermal gradient 

between the liquid metal droplet and the substrate and fast cooling rates. The micron-

sized grain exhibiting twins stands out from the data presented in Figure 6.14.  
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Figure 6.14- The interface of Ag droplets deposited at a) 1200C, b) 1120C, and a) 1040C onto the 

Ag substrate at 25C and the substrate temperature evolution at the centre of droplets obtained from 

numerical simulations. 

 

Generally, two possibilities exist for the formation of twins after high strain rate 

deformation. Twinning results from high strain rate deformation and can occur directly 

or shortly after shock loading or annealing during migrational recrystallization [263]. 

In the AM processes, the twin formation could be attributed to the occurrence of the 

growth accident theory during recrystallization. In this theory, twin boundaries form 

at a migrating grain boundary due to a stacking fault energy. The formation of twins 

reduces the energy of growing grain boundaries [265]. Indeed, rapid thermal cycles 

cause plastic deformation and an increase in the dislocation density, which in turn 

leads to a higher resistance to the motion of dislocation. This process activates the 

cross-slip deformation and twining. [268]. Previous studies have shown that twins can 

contribute to better mechanical properties by increasing the material's ductility [268], 

[269], fatigue, and corrosion resistance [270]. Even though the lower substrate 

temperature results in a poor bonding level, the in-situ formation of interesting 

metallurgical phenomena such as twining and recrystallization opens up new 

opportunities, which merit further investigations.   
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6.4. Summary 

The interfaces formed during the deposition of low to high-temperature materials (Sn, 

Ag, and Cu) using the MetalJet process at the droplet-substrate and the droplets’ final 

microstructure were investigated in this chapter. Process parameters such as the 

substrate material, droplet temperature, substrate temperature, and surface roughness 

were varied to investigate their effects on the bonding level and microstructure. It was 

understood that the substrate properties are the most influential element in setting the 

bonding levels, mainly due to the significant mass difference between the substrate 

and microdroplets. The choice of the substrate material, which defines the wetting 

conditions, chemical compatibility with the droplets, and substrate's thermal 

properties, is the most critical parameter in this regard. After that, the initial 

temperature of the substrate is the parameter to be attentively selected for each 

material. The substrate temperature should be high enough to promote an adequate 

level of bonding. Substrate melting can be achieved in the case of similar material 

printing or if the substrate material has a lower melting temperature than the droplet 

material.  

Diffusion bonding, another form of strong bonding, could be obtained if the substrate 

temperature is maintained at high enough temperatures for an adequate period of time. 

Computational modelling was required to choose the optimal substrate and droplet 

temperature for each set of materials. Furthermore, it was shown that the droplet 

temperature, surface roughness and droplet size influence the interfacial temperatures, 

hence the bonding levels. However, their effects remain somehow limited compared 

to the effects of substrate properties.  

The numerical model developed in the thesis can be used to predict the process 

parameters required to obtain a strong metallurgical bonding between the droplet and 

substrate of various materials. This is a useful tool to expand the palette of materials 

used in the context of DoD-MJ. For this purpose, the thermophysical properties of 

materials of interest are the required input to the model. Moreover, the knowledge 

obtained concerning the influence of substrate wettability is essential to choose the 

substrate materials such that they the printability requirement. Overall, the work 
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presented here can be used to study the interface formation for the MetalJet process 

and is scalable to be used in the context of any metal droplet deposition process.  

The specific outcomes of the study are listed as follows:  

• Strong bonding between the Cu droplets and Cu substrates could not be achieved 

with the system's current configuration. This is mainly attributed to the high 

thermal conductivity of Cu, the maximum initial substrate temperature (limited to 

800 °C), and the low initial droplet temperature. The latter cannot be varied due to 

the jetting stability issues at higher temperatures for this material.  

• A robust metallurgical bonding through substrate melting was not realised for 

superheated Sn droplets deposited onto room temperature Sn, Cu and Zn 

substrates. The reason is that substrates quickly absorb the thermal energy of the 

microdroplets without a significant increase in the interface’s temperature. 

• One of the noteworthy outcomes of this research was demonstrating a strong 

adhesion of droplets to the substrate at temperatures considerably below the 

melting point of the substrate’s material through diffusion bonding. For example, 

in the case of Sn droplets deposited onto a Cu substrate kept at 220 °C, 

intermetallic layers of 𝐶𝑢6𝑆𝑛5 and 𝐶𝑢3𝑆𝑛 were formed at the droplet-substrate 

interface, providing an adequate level of bonding.  

•  It was shown that a robust metallurgical droplet-substrate bonding could be 

achieved for Ag droplets deposited onto an Ag substrate if the optimised process 

parameters obtained from the numerical simulations were used. The substrate 

remelting occurred for droplets ejected at 1200 °C onto a substrate kept at 775 °C. 

Droplets ejected at 1120 °C onto high substrate temperatures are also expected to 

have strong adhesion to the substrate due to the formation of an epitaxial layer in 

the vicinity of the substrate. It is known from thermal spraying processes that the 

formation of such epitaxial layers enhances the fracture strength. 
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7. Formation of Droplet- Droplet Interface and 

Microstructure: Copper, Tin, and Silver   

 

 

 

The bonding between the droplets mainly defines the mechanical performance and 

structural integrity of fabricated components through DoD-MJ. In addition, 

microstructure evolution during the successive deposition of droplets plays an 

essential role in defining the properties of printed parts. The main objective of this 

chapter was to provide insights into the interface formation between adjacent droplets 

and investigate the final microstructure of multiple droplets. To this end, the interface 

between Cu, Sn, and Ag droplets deposited on similar and dissimilar substrate 

materials was investigated. This was achieved through the characterisation of the 

interface of successive droplets printed through the MetalJet platform and analysing 

of the experimental observations with the aid of computational simulations. 

It was seen that the bonding mechanism between adjacent droplets is similar to the 

droplet-substrate bonding in the case of similar material deposition. The remelting of 

the inter-droplet interface is essential to ensure a strong metallurgical bonding, which 

in turn results in high structural integrities. In addition, the microstructure of the 
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second droplets differs from the first droplets due to the variation in the thermal fluxes 

during the depositions of these droplets.  

 

7.1. Copper inter-droplet bonding 

In order to evaluate the inter-droplet bonding, the top section of two droplets deposited 

successively with a frequency of 500 Hz and a centre-to-centre distance of 75 µm was 

removed and imaged to investigate inter-droplet bonding. As observed in Figure 7.1, 

the microstructure of the second droplet (𝑑𝑟𝑜𝑝𝑙𝑒𝑡2) is quite different to the first 

droplet (𝑑𝑟𝑜𝑝𝑙𝑒𝑡1). The vertical columnar grains observed in 𝑑𝑟𝑜𝑝𝑙𝑒𝑡1, were replaced 

by larger grains directed toward the interface in 𝑑𝑟𝑜𝑝𝑙𝑒𝑡1. Moreover, it seems the 

neighbouring droplets shared grains at their interface, even though the borders of the 

droplets were visible at the interface between them.  

 

 

Figure 7.1: FIB-SEM cross-section of two successively deposited droplets demonstrating the lack of 

remelting at the interface between droplets, and various grain structures for the first and the second 

droplet. 
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To clarify this observation, an EBSD analysis was conducted in the zone indicated 

with the black square in Figure 7.1. The inverse pole figure map (IPF) in the 

transversal direction (X) of the cross-sectioned sample is shown in Figure 7.2. The 

IPF is a colour-coded representation of the crystallographic orientation of each 

scanned pixel with respect to a particular spatial coordinate. Here, the X direction 

corresponds to the heat flux direction at the inter-droplet interface zone. It is confirmed 

that 𝑑𝑟𝑜𝑝𝑙𝑒𝑡2 does not melt 𝑑𝑟𝑜𝑝𝑙𝑒𝑡1 at their interface to from common grains. 

Moreover, the crystal orientations of interfacial grains are dissimilar, which indicates 

the absence of epitaxial growth, hence inter-diffusion has not actually happened at the 

interface as previously thought. Despite the random grain orientation at the interface 

of the droplets and substrate, low-angle grain boundaries at the interface between 

droplets were observed. 

 

Figure 7.2- EBSD IPF-X map of two successively deposited droplets in the region highlighted in 

figure 103 indicating the absence of epitaxy at the interface between droplets. 

 

Cross-sectional views of the temperature profile within the droplets and the substrate 

during the cooling of the second droplet are demonstrated in Figure 7.3 a:c. 𝐷𝑟𝑜𝑝𝑙𝑒𝑡2 

loses heat through contact with the substrate and the preceding droplet, which have 

already cooled down to the substrate’s pre-set temperature. 𝐷𝑟𝑜𝑝𝑙𝑒𝑡2 solidifies in a 

layer-by-layer fashion, bottom-up and side-to-side. During cooling, 𝑑𝑟𝑜𝑝𝑙𝑒𝑡2 reheats 

the substrate, 𝑑𝑟𝑜𝑝𝑙𝑒𝑡1, and also the substrate in contact with 𝑑𝑟𝑜𝑝𝑙𝑒𝑡1. 𝐷𝑟𝑜𝑝𝑙𝑒𝑡1 is 

entirely reheated to some extent, however, the interface with  𝑑𝑟𝑜𝑝𝑙𝑒𝑡2 is where the 

highest temperature is attained (Figure 7.3 d). It is also seen that the top section of the 

interface of the droplets is heated to the highest value of 833 °C, while closer to the 
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substrate interface, the maximum temperature is 825°C. Indeed, in the top segment, 

the energy transformed into 𝑑𝑟𝑜𝑝𝑙𝑒𝑡1 through the interface is uniquely invested in 

heating this zone, whereas in the bottom section, this energy is split into heating the 

substrate and 𝑑𝑟𝑜𝑝𝑙𝑒𝑡1.  

 

Figure 7.3- Cross-section profile views of temperature whilst second droplet solidification, taken at a 

real-time of a) t=0.4 µs, b) t=19 µs, c) t=48 µs, d) temperature evolution of various nodes at 

𝑑𝑟𝑜𝑝𝑙𝑒𝑡1’s interface with 𝑑𝑟𝑜𝑝𝑙𝑒𝑡2 in the bottom, middle, and top sections. 

 

During the cooling of the second droplet, the substrate temperature reaches the highest 

value of 763 °C at the interface with 𝑑𝑟𝑜𝑝𝑙𝑒𝑡2 while this value was 766 °C at the 

interface with  𝑑𝑟𝑜𝑝𝑙𝑒𝑡1 during cooling of the first droplet. This slight difference is 

due to the inter-droplet heat exchange during the cooling of 𝑑𝑟𝑜𝑝𝑙𝑒𝑡2.  Also, as 

depicted in Figure 7.4, the cooling rates of the first and second droplets at the central 

node are slightly different. The faster cooling of 𝑑𝑟𝑜𝑝𝑙𝑒𝑡2 is justified by its increased 

contact with colder surfaces.  
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Figure 7.4- Temperature evolution of nodes at the centre of droplets during the deposition of 

𝑑𝑟𝑜𝑝𝑙𝑒𝑡1 and 𝑑𝑟𝑜𝑝𝑙𝑒𝑡2. 

 

The thermal resistance at the interface between the droplets is lower than that at the 

substrate interface due to the surface roughness dissimilarity. The surface of solidified 

droplets is smoother compared to the surface of polished substrates. Although the 

𝑑𝑟𝑜𝑝𝑙𝑒𝑡1’s surface is not perfectly flat due to the solidification ripples, it does not 

induce a significant contact resistance at the droplets’ interface since the molten 

droplet can spread in between the ridges and fill the gaps. Contrarily, the microscale 

and nanoscale asperities present on the substrate surface act as a thermal exchange 

barrier because they cannot be filled with liquid metal due to its high surface tension. 

In addition, the bottom segment of the droplets, where two droplets come into contact, 

is ripple-free. Consequently, the interface between droplets reaches a higher 

temperature of 833 °C, compared to 763 °C at the substrate interface. This is possibly 

the reason for the formation of elongated grains with low-angle boundaries at the inter-

droplet interface compared to the heterogonous grains at the droplet-substrate 

interface.  

7.1.1. Effects of substrate temperature on inter-droplet bonding  

Due to the insufficient inter-droplet bonding, the system was upgraded to provide the 

possibility of preheating the substrate to the maximum temperature of 800 °C. 

Droplets at the same deposition conditions as in the previous section were deposited 
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on the substrate at 750°C to investigate the influence of higher substrate temperatures 

on inter-droplet bonding. The FIB-SEM cross-section in Figure 7.5 shows that grains 

in the second droplets are nucleated in continuation with the initial droplet (grain-

sharing). However, similar to the substrate at 500 °C, the border between droplets is 

visible at the interface. Further EBSD analysis was required to confirm this hypothesis.   

 

 

Figure 7.5- FIB-SEM cross-section of two successively deposited Cu droplets onto a Cu substrate at 

750 °C, EBSD IPF-X map over the cross-sectioned area. 

 

Figure 7.6 demonstrates the IPF-X map from the EBSD scan conducted on the cross-

sectioned area presented in Figure 7.5. Surprisingly, the grains at the interface of 

droplets share the same crystal orientation, where the solidifying metal assumes a 

crystallographic orientation identical to that of the adjoining droplet at the interface. 

The epitaxial growth signifies that the conditions for an inter-diffusion were present 

at the interface. Indeed, the focused heat source provided by the molten droplet and a 

steep temperature gradient parallel to the built direction (X-direction) contributed to 

the epitaxial crystal growth with the orientation of the previously deposited droplet. 

The epitaxial growth has also been observed in the “epitaxial laser metal forming” 

[271], thermal spraying [272] and DED processes [273].  
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Figure 7.6- EBSD IPF-X map of two successively deposited droplets shown in Figure 7.5 indicating 

an epitaxial growth from the interface of the previously deposited droplet.  

 

A second EBSD scan was performed on the second pair of droplets deposited at the 

same condition to confirm the results. It can be seen in Figure 7.7 that the crystal 

orientation of the second droplet is almost identical to that of the previously deposited 

droplet, signifying the epitaxial growth of the grains at the inter-droplet interface. The 

epitaxial growth of the solidification from the interface is in contrast with the 

previously discussed results at lower substrate temperatures, where new grains 

nucleated from the interface of the substrate. This signifies that the condition for such 

growth has been only provided at higher substrate temperatures.  
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Figure 7.7- EBSD-IPF-X map two successively deposited droplets with highlighted grain boundaries 

and special boundaries indicating twin boundaries at the inter-droplet interface. 

 

The partially remelted dendrites at the interface have served as the nuclei for 

directional crystal growth along the dominant thermal gradient direction. What stands 

out from Figure 7.7 is the presence of some regions which resembled twin boundaries, 

including those close to the interface between droplets. The data analysis using 

AZtecCrystal was performed to observe the grain boundaries and the results confirmed 

that some of the grain boundaries are Sigma 3, <111> 60°. These twin boundaries are 

shown in grey, and other grain boundaries in black. No grain boundary between the 

previously deposited droplet and the new deposit is perceptible, and the interface 

between droplets consists of a single large grain. This is expected to provide a stronger 

bonding at the droplets’ interface. These results corroborate the findings of Juang et 

al. [274] and Liu et al. [275], which showed that direct bonding of  <111> oriented Cu 

surfaces were feasible at lower temperatures. It was discussed that the surface 

diffusion coefficient of <111> oriented Cu surfaces is three to four orders of 

magnitude faster compared to the standard surfaces.  
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7.2. Tin inter-droplet bonding 

It was shown that the mechanism of substrate-droplet bonding at the dissimilar 

material deposition is through diffusion. This section investigates the mechanism of 

inter-droplet bonding for such conditions. For this purpose, the top section of two Sn 

droplets deposited successively with a frequency of 500 Hz and a centre-to-centre 

distance of 55 µm was removed and imaged. From the side-view FIB-SEM image of 

droplets in Figure 7.8 a, it seems that necking has occurred. The second droplet has 

solidified from the contact area with the first droplets and substrate, as evidenced by 

the solidification ripples grown vertically and horizontally. The FIB-SEM image of 

the cross-section in Figure 7.8 b demonstrates that the interface between droplets was 

entirely remelted, hence, a strong bonding is expected. Moreover, columnar grains of 

tens of micrometre parallel to the heat transfer direction are observed in both droplets. 

Numerical simulation results presented in Figure 7.8 c confirm that the temperature 

exceeded the material's melting point at the droplets’ interface. It is also seen that the 

remelting depth was ~12 µm from the interface to the first droplet. In order to visualize 

the numerical results, the first droplet’s borders are highlighted in white, and the 

border of the second droplet, including the remelting zone, is highlighted in black. A 

good agreement between computational results and experimental work is observed.  
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Figure 7.8- a) FIB-SEM image of two successively deposited Sn droplets ejected at 670 °C on a Cu 

substrate at 30 °C, b) FIB-SEM image of the cross-section demonstrating a strong inter-droplet 

bonding through remelting, b) temperature evolution of a central node at 𝑑𝑟𝑜𝑝𝑙𝑒𝑡1’s interface with 

𝑑𝑟𝑜𝑝𝑙𝑒𝑡2. 

The droplet-substrate bonding at low substrate temperatures was insufficient, such that 

droplets were easily peeled off from the substrate. Hence, it was necessary to increase 

the substrate temperature, even though a strong metallurgical inter-droplet bonding 

was obtained at lower temperatures. Thus, the effects of higher substrate temperature 

on inter-droplet adhesion should be investigated. To this aim, droplets at the same 

condition were deposited onto the substrate at 130 °C. The side view image of the 

successively deposited droplets in Figure 7.9 a demonstrates necking between the 

droplets. Figure 7.9 b shows that the interface between droplets was remelted with a 

larger remelting depth compared to the low-temperature substrate. According to the 

numerical simulations, 25 µm from the interface was remelted in the first droplets, 

which agrees with the experimental observations. One striking piece of information 

was the grain microstructure in Figure 7.9, which differs remarkably from the one in 

Figure 7.8. While the droplets at 130 °C consist of very few large grains, many refined 

columnar grains were observed in droplets deposited at 30 °C substrates. The larger 

grain at high substrate temperature is attributed to the slower cooling rate, whereas 

high-temperature gradient and fast solidification rates triggered fine grains at low 

substrate temperature.  
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Figure 7.9- a) FIB-SEM cross-section of two successively deposited Sn droplets ejected at 670 °C on 

a Cu substrate at 130 °C, demonstrating a strong inter-droplet bonding through remelting, b) 

temperature evolution of a central node at 𝑑𝑟𝑜𝑝𝑙𝑒𝑡1’s interface with 𝑑𝑟𝑜𝑝𝑙𝑒𝑡2. 

 

7.3. Silver inter-droplet bonding 

The results in section 6.1.3, regarding the deposition of Ag droplets at 1200 C on an 

Ag substrate at 775 C showed that the substrate interface was melted during the 

deposition of droplets, and a strong metallurgical bonding was obtained. 

Consequently, a good inter-droplet bonding is expected since the temperature at the 

interface exceeds the material's melting point, according to the numerical results. To 

evidence it, the interface between two droplets was cross-sectioned vertically, as 

shown in Figure 7.10. It is seen that the interface was entirely remelted, and no pore 

or void is observed in the contact zone. However, the inter-droplet void at the substrate 

is observed, where the second droplet could not fill the space between the curved 

surface of the initial droplet and the substrate. The high surface tension of Ag and the 

contact line pinning to the substrate at immensely high rates contributed to this 

observation.  

What can be seen in Figure 7.10 is the formation of a unique large grain, which can 

be attributed to several factors. (I) Droplets did not experience a high-temperature 

gradient (187 C) due to the high temperature of the substrate. (II) the interfaces were 
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fully remelted during the deposition of droplets, hence, there is not a large number of 

nucleation sites for the formation of fine grains. In the earlier investigation by 

Simonelli et al. [11], the lack of remelting between Ag microdroplets on a Cu substrate 

at 500 C caused low structural integrity and a low density in the printed parts. The 

droplets were not necking in their study, and inter-droplet pores were present in the 

cross-sectioned areas. Interestingly, there is no sign of so-called cold laps, previously 

reported in DoD-MJ processes [61], [143], [200]. Cold laps are formed as a result of 

liquid metal not being able to fill the space between the solidification ripples, leaving 

inter-droplet pores at the interfaces. 

 

Figure 7.10- FIB-SEM vertical cross-section of two successively deposited Ag droplets at 1200 C on 

an Ag substrate at 775 C, demonstrating a strong inter-droplet bonding through remelting. 

 

A 3D structure was printed at the same deposition conditions to evaluate the inter-

droplet bonding in the normal direction to the substrate. Figure 7.11 b shows FIB ion 
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channelling contrast images of the cross-section between three layers. The interface 

between these layers is remelted, therefore, a strong bonding is expected. Even though 

these results are very encouraging, the 3D structure in Figure 7.11 a is not fully packed 

due to the unfilled space between droplets. These gaps result from simple linear voxel 

by voxel deposition strategy and are expected to improve by staggered deposition 

strategy and optimal inter-droplet spacing.  The further increase of the substrate 

temperature to 775 C in the current study enabled the eradication of the previously-

reported [11] lack of consolidation between Ag droplets. Supplementary 

investigations on optimising the printing strategies are required to improve parts' 

aspect ratio and density. Yet, this study is a clear step toward directly printing high-

temperature metallic 3D parts of high integrity. 
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Figure 7.11- a) FIB-SEM image of a 3D structure in Ag at 1200 C on an Ag substrate at 775 C, b) 

cross-section of the zone highlighted with a black square, demonstrating a strong inter-droplet 

bonding through remelting. 
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7.4. Summary       

                   

The interfaces formed during the deposition of low to high-temperature materials (Sn, 

Ag, and Cu) using the MetalJet process at the droplet-droplet level and the final 

microstructure were investigated in this chapter. It was demonstrated that the interface 

formation between droplets requires fewer initial thermal energies than that of droplet 

and substrate, which could be attributed to three factors: (I) the surface of previously 

deposited are smoother than the substrate, and hence the thermal resistivity is lower at 

the inter-droplet interfaces, (II) the surface of droplets are oxide-free, whereas the 

etched/ or polished substrate could still react with the oxygen in the short time before 

the installation of the substrate inside the glove box, and (III) the grain structure, size, 

and direction of the surface on which the liquid material is deposited has a critical role 

in the diffusion of atoms and consequently epitaxial growth.  

The developed numerical brought understanding to the experimental observation for 

the materials under investigation in this thesis. The verified model can be used to 

predict the process parameters required to obtain a strong metallurgical bonding 

between the droplets of new materials. This is a valuable tool to expand the palette of 

materials used in the context of DoD-MJ. For this purpose, the thermophysical 

properties of materials of interest are required. Moreover, the model can be used to 

predict the necessary process parameters to acquire a strong bonding in 3D since the 

underlying physic of bonding at the interfaces is similar. Overall, the work presented 

here can be used to study the inter-droplet interface formation for the MetalJet process 

and is scalable to be used in the context of any metal droplet deposition process.  

The specific outcomes of the study are listed as follows:  

• Even though a strong droplet-to-droplet bonding through remelting or epitaxial 

growth at the droplets’ interface was not achieved for the Cu material deposited 

onto a substrate at 500 °C, the numerical results showed the higher interfacial 

temperatures in this zone provide a better level of bonding compared to the droplet-

substrate bonding. The FIB-SEM images also confirmed this, where elongated 

grains with low-angle boundaries were observed at the inter-droplet interface.  
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• Furthermore, the higher temperature at the interface between the Cu droplets 

deposited onto a Cu substrate at 750 °C provided the condition for an epitaxial 

crystal growth with the orientation of the previously deposited droplet. Hence, a 

more robust level of bonding is expected under this condition. 

• A strong inter-droplet bonding for low-temperature metal (Sn) was obtained 

regardless of the substrate temperature due to the ejection temperature being three 

times higher than the material's melting point. Furthermore, it was observed that 

the depth of remelting was increased at higher substrate temperatures.  

•  Interestingly, the microstructure of the dual Sn droplets at higher temperatures 

consisted of very few large grains, whereas many refined columnar grains were 

observed in droplets deposited onto substrates at lower temperatures. The variation 

between the cooling rates, direction and level of temperature gradients led to these 

observations.  

• It was reported that for the first time, the fabrication of fully dense parts with high 

structural integrities on high-temperature metal could be obtained. This was 

possible due to the strong inter-droplet bonding through the remelting at the 

droplet interface of Ag material deposited onto an Ag substrate at high 

temperatures. 
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8. Residual Stress Evolution in the MetalJet 

Process: Copper 

 

 

 

Residual stresses and stress gradients are of great importance in all manufacturing 

processes since they affect mechanical performances, structural stabilities, and the 

lifetime of fabricated parts. If the residual stresses are too high, they cause failure, 

even at small loads. An inherent issue of the DoD-MJ processes is the generation of 

thermal stresses during the solidification and cooling of droplets at successive 

deposition. Warping, delamination, cracking, and dimensional tolerance losses are the 

main detrimental effects of the thermally residual stresses in the process. Although 

some levels of warping can be tolerated for some specific applications, direct printing 

of functional parts does not tolerate warping or delamination. Several mechanisms 

contribute to the evolution of residual stresses during the deposition process, which 

must be fully understood at the first step in order to control them.  

As demonstrated in Figure 8.1, this chapter uses a sequentially coupled 

thermomechanical modelling to explain the physical mechanism of residual stress 

generation during the metal deposition process. The modelling results are used to 

explain the experimentally observed delamination at the interface of the Cu droplets 
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with the Cu substrates. Furthermore, an effort was made to indicate solutions to rectify 

these issues through virtual experiments, hence providing a basis for a more targeted 

experimental investigation. Table 8.1 summarizes the set of parameters used in this 

study. 

 

 

Figure 8.1- The fifth challenge in DoD-MJ and the methodology implied in this thesis to address it, 

referring to Figure 52. 

 

Table 8.1- Specific set of parameters to investigate the residual stresses evolution during the 

solidification of Cu droplets on Cu substrates. 

 

 

8.1. Residual stress generation during a single droplet deposition 

The non-uniform temperature distribution in the droplet on cooling and between the 

droplet and substrate results in differential thermal contractions and, consequently, 
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transient residual stress. A high gradient of residual stresses at the substrate-droplet 

interface can cause the separation of the droplet from the substrate, i.e., delamination. 

This was experimentally observed in the deposition of Cu droplets onto a Cu substrate 

with the process parameters mentioned in the first line of Table 8.1. The cross-

sectional SEM images of a single droplet, where 16 µm and 20 µm from the edge were 

removed, are shown in Figure 8.2 a-b, respectively. The droplet seems to be detached 

from the substrate in Figure 8.2 a, while in Figure 8.2 b, it is partially bonded to the 

substrate in the central region and de-bonded at the edges. In Figure 8.2 c, further 

material was removed to a depth of 45 µm from the edge.  It is seen that the de-bonded 

region at the edge was persistent. In general, it seems the droplet is lifted from the 

substrate at the free edges, and the separation subsequently propagates toward the 

centre of the droplet.  The source of such phenomenon is probably the residual stresses; 

hence, it is essential to understand how they develop in order to mitigate their 

consequences. 

 

 

Figure 8.2- SEM cross-section of individual Cu droplet after FIB milling of : a) 16 µm, b) 20 µm, c) 

45 µm from the edge showing the partial delamination of the droplet from the substrate. 

 

Figure 8.3 a-c illustrates the transversal (𝜎𝑦𝑦) and maximum principal stress fields in 

the droplet and substrate on the Y-Z plane at various time frames (refer to the timelines 

in Figure 6.3). As soon as the high-temperature droplet is deposited onto the relatively 

cooler substrate, it starts to solidify in the interface region, and tensile stresses develop 

in the droplet, resulting from the substrate constraining the thermal contraction due to 

cooling. The substrate, however, experiences an initial phase of heating due to the 
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thermal exchange with the high-temperature droplet, until it reaches a maximum 

temperature and then cools down to the temperature at its bottom face (500C).  

These heating and cooling cycles occur alternatively in different zones of the substrate. 

Initially, the top portion of the substrate is heated up to the maximum temperature; this 

hot region is constrained from a free expansion by the relatively colder portion of the 

substrate at the bottom, which leads to compressive stresses in this area. Subsequently, 

the substrate, along with the droplet, cool down to the pre-set temperature. In this 

phase, the tensile stresses are developed in the top portion of the substrate while the 

bottom portion is under compression. The cool-down to ambient temperature is not 

discussed in this study since the droplet and substrate temperatures are already uniform 

at this stage, thus, the further induced residual stresses are not critical. It should be 

noted that due to the assumed condition of perfect bonding, strain values are equal at 

the interface, while they are not necessarily continuous because of the temperature 

gradient at the interface.  

 

Figure 8.3- 𝜎𝑦𝑦 and 𝜎𝑀𝑎𝑥 𝑝𝑟𝑖𝑐𝑛𝑐𝑖𝑝𝑎𝑙 𝑠𝑡𝑟𝑒𝑠𝑠 fields (MPa) in the Y-Z plane whilst first droplet cooling at 

real-time of a) t=7 µs, b) t=27 µs, and c) t=2000 µs after deposition.  

 

The cross-sectional views of the droplet’s deformation (µm) in the Y direction at 

various times are depicted in Figure 8.4 a -c. For better visualisation, the distortion 
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was exaggerated by a factor of 20. As the droplet cooled down bottom-up, it underwent 

uneven thermal contractions. At only 7 µs from droplet deposition (Figure 8.4 a), the 

solidified material close to the interface contracted, particularly at the periphery of the 

droplet. Concurrently, the substrate interface, which was bonded to the droplet, 

experienced an expansion as a result of the droplet’s heat dissipation into the substrate. 

As the cooling continued to the top layers of the droplet, the contraction zones 

expanded. It can be seen in Figure 8.4 c that the droplet shrank in the Z and radial 

directions, where the maximum deformation in Y-direction was 0.63 µm at the steady-

state.  

 

Figure 8.4- Droplet’s deformation in µm in Y direction exaggerated 20 times at a) 7 µs, b) 27 µs, c) 

2000 µs after deposition. 

 

Figure 8.5 schematically describes the edge delamination process, which is likely to 

occur during the early stages of solidification, where only a thin layer of the droplet in 

the vicinity of the interface has solidified. The bending moments created due to uneven 

contraction and expansion in these regions act as a driving force to lift the droplet at 

its edges. This happens only if the bending forces are greater than the adhesion forces. 

As the heat transfer proceeds, these interfacial cracks propagate from the droplet’s 

edges toward the centre.  
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Figure 8.5- Schematic representation of the residual stresses in the droplet and substrate during the 

early stage of solidification, yielding to edge curling. 

 

In order to quantify the likelihood of delamination, the maximum principal stress to 

temperature-dependent yield strength ratio is used in this study. Similar criteria are 

used in other processes, such as laser-assisted AM technologies [276]–[278], thin 

films [279], and thermal spraying [280], [281]. Delamination is likely to occur when 

the longitudinal residual stress value is higher than the room temperature yield strength 

and close to the ultimate tensile strength. In the case under investigation in this study, 

this ratio at the Y and Z lines indicated in Figure 8.3 are shown in Figure 8.6 a-b. 

Here, if this ratio is greater than one, the magnitude of the principal stress exceeds the 

metal's yield strength, and it is assumed that delamination is likely to occur. It is seen 

that the failure limit at the interface of droplet and substrate is attained at only 27 µs 

after the droplet deposition. These results can explain the experimental observation in 

Figure 8.2.  
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Figure 8.6- The maximum principal stress to temperature-dependent yield strength ratio in a) the 

radial path at the interface of droplet and substrate (Y line shown in Figure 11), b) droplet and 

substrate thickness at the edge (Z line shown in Figure 11). 

 

8.2. Effects of various process parameters on residual stresses  

In this section, the effects of three process parameters, which are assumed to be the 

most influencing ones concerning residual stress evolution, are investigated through 

sets of virtual experiments. The objective is to provide solutions to resolve the 

previously explained residual stresses-related issues in the MetalJet process. 

8.2.1. Effect of initial substrate temperature 

The lowest substrate temperature, i.e., room temperature, the maximum substrate 

temperature before the system upgrade (500 °C) and the highest substrate temperatures 

(800 °C) after the upgrade were simulated to investigate the effects of substrate 

temperature in residual stress evolution.  The second line in Table 8.1. Results will be 

compared against the substrate at 800 °C, which will only be achievable by modifying 

the system. The average cooling rate of the droplet increases as the substrate 

temperature decreases, where it is 7.92 × 103 °C /ms for 𝑇𝑠𝑢𝑏𝑠𝑡𝑎𝑟𝑡𝑒 = 30 °C versus 

8.64 × 102 °C/ms for 𝑇𝑠𝑢𝑏𝑠𝑡𝑎𝑟𝑡𝑒 = 800 °𝐶 (Figure 8.7 a). The interface temperature 

reached only 462 °C when the substrate was at 30 °C, while it raised to 941°C for the 

substrate at 800 °C (Figure 8.7 b). It was shown in Section 6.1.1 that substrate 

preheating improved the droplet-substrate bonding, however, a strong metallurgical 

bonding through substrate fusion was not possible at this temperature.  
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The maximum principal stress to temperature-dependent yield strength ratio for 

various substrate temperatures at time frames, which corresponds to similar 

temperatures at the interface, is shown in Figure 8.7 c-d. It is seen that by increasing 

the substrate’s initial temperature from 30 °C to 800 °C, residual stresses at the 

interface are significantly reduced. Moreover, at 800 °C, the residual stresses at the 

critical zones remain below the failure limit. This suggests that delamination is less 

likely to occur at higher substrate temperatures. A similar effect has been reported in 

the literature for other conventional manufacturing and AM processes, such as 

welding, thermal spraying [282], micro casting [38], DED [276], and L-PBF processes 

[283]. In DoD-MJ, increasing the initial substrate temperature has the twofold benefit 

of improving the bonding and reducing the residual stresses, both of which reduce the 

risk of delamination.  

 

Figure 8.7- Temperature evolution for various substrate temperatures at a) the central node in the 

droplet, b) substrate interface. Maximum principal stress to temperature-dependent yield strength 

ratio for various substrate temperatures at time frames corresponding to similar interfacial 
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temperatures in c) the radial path at the interface of droplet and substrate (Y line shown in Figure 

115), d) droplet and substrate thickness at the edge (Z line shown in Figure 115). 

 

8.2.2. Effect of initial droplet temperature (superheat) 

The droplets deposited at higher temperatures contain higher initial thermal energies, 

which proved to be beneficial for promoting stronger adhesions to the substrates. In 

this section, the effect of higher droplet temperatures on residual stress evolution is 

investigated. It was noted that increasing the droplet temperature could cause 

challenges at the ejection level, in particular for high temperature materials such as 

Cu. Yet, computational modelling provides the possibility of investigating this process 

parameter virtually. The process parameters used in this study are presented in the 

third line of Table 8.1. The droplet cooling and substrate heating curves considering 

three different initial droplet temperatures are shown in Figure 8.8 a-b. By increasing 

the droplet temperature from 1090 °C to 1390 °C, and 1690 °C, the maximum 

interfacial temperature increased from 756 °C to 820 °C and 903 °C, respectively. 

Therefore, it is more likely to form a strong bonding.  

It was seen that by the increase of the 𝑇𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 in a step of 300 °C, the interfacial 

temperatures were increased 182 °C, whereas interface temperature was increased 64 

°C when 𝑇𝑑𝑟𝑜𝑝𝑙𝑒𝑡 was increased 300 °C. Increasing the particle temperature is reported 

to improve the bonding level during thermal spray coating processes [5]. These curves 

are parallel to each other with an initial offset related to the different onset 

temperatures, implying that the droplet cooling rates are similar in these scenarios. It 

is seen that a considerable increase in superheat temperature has a slight influence on 

the cooling rate, which matches the results of Liu et al. [284]. They studied the effects 

of superheat temperature on the cooling speed of Ni droplets of 5 mm impacting onto 

a Cu substrate. It was understood that droplets with high superheat temperatures had 

higher cooling rates before the onset of the solidification. While after the 

solidification, droplet cooling was not much influenced by its initial temperature. 

Similar cooling rates could suggest that the final residual stress fields and amplitude 

should be similar for these cases. However, as seen in Figure 8.8, the likelihood of 

delamination decreases as the superheat temperature increases. This counterintuitive 
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result can be explained by the fact that the higher the droplet temperature, the higher 

the temperature to which the substrate is heated. 

 

 

Figure 8.8- Temperature evolution during droplet deposition considering different superheat 

temperatures for a node a) at the centre of the droplet and b) at the interface of the substrate with the 

droplet. 

 

8.2.3. Effect of surface roughness  

It was seen in section 6.1.1 that the heterogeneities in the surface acted as pinning sites 

and caused local deformation in the droplet interface, which were frozen in place 

during the solidification. As a result, droplets were interlocked to the substrate and 

were more resistant to peeling than the droplets deposited on smoother surfaces. In 

this section, the residual stress evolution during the solidification of Cu droplets 

deposited onto substrates with various roughness (The fourth line in Table 8.1) is 
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discussed. It is acknowledged that these simulations do not take into account the 

spreading of droplets, hence only effects of surface roughness on the heat exchange 

and its consequent thermal stresses are considered. Figure 8.9 a displays the 

temperature evolution of a node in the centre of a droplet for substrates with surface 

roughness (𝑅𝑎) values of 0.1 µm and 0.01 µm, which are the typical values for the 

substrates used in the MetalJet experiments. These two are compared against an ideal 

case where there is a perfect contact between the droplet and substrate, i.e., no thermal 

resistance. It is seen that the surface roughness impacts the efficiency of heat 

conduction between the droplet and the substrate. For a rougher surface, the droplet 

cools at a lower rate; consequently, the extent and amplitude of substrate heating are 

lower. Figure 8.9 b depicts the temperature evolution of the substrate at the interface 

for the same conditions. It is observed that even for a perfect contact condition, the 

substrate’s temperature is considerably increased, but it does not rise to its melting 

point. If the surface roughness of the substrate is reduced by a factor of ten, the 

interfacial substrate temperature increases by 24%. As already discussed, a higher 

interfacial temperature is crucial in improving the bonding, hence the importance of 

utilising finely polished substrates. Moreover, inhomogeneous crystal growth at the 

interface could potentially be reduced by using a substrate with fewer defects. 

Due to the slower cooling rate caused by higher thermal resistance, the residual 

stresses developed during the cooling and solidification process were lower for the 

rougher surface. However, the effectiveness of this strategy in lowering the magnitude 

of the residual stresses was limited. More importantly, regardless of the magnitude of 

residual stresses, all cases had a stress concentration zone at the interface. The 

maximum principal stress to temperature-dependent yield strength ratio for various 

surface roughness at Y and Z lines (shown in Figure 8.3) at similar temperatures are 

demonstrated in Figure 8.9 c-d. It is seen that for a rougher surface, the failure limit 

is also attained at the vicinity of the interface, indicating possible delamination in all 

cases. 
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Figure 8.9- Temperature evolution during droplet deposition considering different substrate 

roughness for a node a) at the centre of the droplet, b) at the interface of the substrate with the 

droplet. Maximum principal stress to temperature-dependent yield strength ratio for various substrate 

roughness in c) the radial path at the interface of droplet and substrate (Y line shown in Figure 115), 

d) droplet and substrate thickness at the edge (Z line shown in Figure 115. 

 

8.3. Summary 

In this chapter, thermomechanical FE modelling was used to provide insights into the 

mechanism of residual stress generation during the deposition of single droplets. The 

numerical results were interpreted to understand the origin of the experimentally 

observed delamination at the interface of Cu droplets deposited onto a medium-

temperature substrate. Further numerical efforts were made to evaluate the effects of 

various process parameters in mitigating the level of these thermal stresses and 
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rectifying the undesirable delamination. The specific results can be summarized as 

follow: 

• Residual stresses were developed due to steep temperature gradients during the 

deposition and cooling. Uneven contraction and expansion in the vicinity of 

the interface likely lifted the droplet at its edges. Due to the high magnitude of 

thermal stresses at the droplet-substrate interface, which exceeded the elastic 

limits of the material, residual-stress-induced delamination occurred.  

• Substrate preheating to elevated temperatures was the most effective strategy 

for mitigating the residual stresses at the interface of droplets and substrates. 

Increasing the initial substrate temperature is also beneficial to enhancing the 

level of bonding, consequently, it is an effective strategy for improving the 

quality of printed parts.  

• Despite slower cooling rates for surfaces with a higher roughness, this strategy 

was ineffective in lowering the magnitude of residual stresses developed 

during the deposition process.  
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9. Implications of the Developed Knowledge  

 

 

 

This chapter demonstrates the implications of the knowledge obtained from the 

previous chapters in printing functional parts through the MetalJet platform. 

Moreover, the rationales for the studies presented in each chapter are discussed, and 

the general trends and understandings are compared with what is available in the 

literature. Furthermore, the impact of these studies on printing structures that meet the 

requirements for the specific applications is discussed. It is also explained how the 

knowledge obtained from this thesis can be applied to developing new materials using 

the MetalJet platform. Finally, the limitations of the system and the challenges that 

may slow down the progress of the technology are highlighted. 

 Generally speaking, the thesis has shown the major roles of droplet formation, 

solidification and dynamics of droplets, interface formation, microstructure, and 

residual stresses in the context of drop-on-demand metal additive manufacturing. The 

findings provide insight into the effects of various printing process parameters on these 

aspects. Furthermore, these results underpinned the optimal process conditions under 

which the 3D structures produced with this technology can exhibit reliable integrity 

and consistency. The applicability of the knowledge obtained by this study was 
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demonstrated through the successful printing of defect-free 2D and 3D structures 

presented in Figure 9.1. 

 

Figure 9.1-Demonstration of MetalJet capacity in printing 2D and 3D defect-free structures: a) an 

electronic circuit in Sn on a Cu substrate, b)a pyramid in Cu on a Cu substrate, c) a 2D honeycomb 

pattern in Cu on a Cu substrate, d) Ag propeller on an alumina substrate, e) Cu walls of various 

thicknesses on a Cu substrate, f) Ag overhang pillars on a Cu substrate, g) an Sn cone on a Cu 

substrate, h) Boris spider in Sn on a Cu substrate, i) a lattice structure in Ag on a Cu substrate. 

 

As depicted in Figure 9.2, the five main research challenges that need to be thoroughly 

investigated in this technology are (I) the mechanism of droplet formation to ensure 

consistent and uniform satellite-free droplets, (II) droplet dynamics and solidification, 

which determine the final morphology of deposited droplets, (III) the mechanism of 

interface formation, which defines the level of bonding at droplet-substrate and 

droplet-droplet interfaces, (IV) microstructure evolution, which sets the mechanical 
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properties of printed structures, and (V) residual stress evolution, which can lead to 

undesired warping or delamination at the interfaces.  

 

 

Figure 9.2- The graphical abstract demonstrating the five principal elements involved in the metal 

jetting processes.  

 

9.1. Implications of droplet formation investigation in 3D printing through 

DoD-MJ  

Understanding the mechanism of droplet generation, the factors that control it, and in-

situ monitoring of droplets’ characteristics in-flight are essential for two main reasons:  

(I): Suppressing the formation of undesired satellite droplets is one of the primary 

challenges in all DoD processes since their trajectories are difficult to be controlled or 

predicted. Consequently, these satellites are scattered in random locations (Figure 9.3 

a), which deteriorates the geometry and precision of printing. Moreover, they result in 

variations in the main droplet’s size (Figure 9.3 b), causing overlapping or voids 

between droplets and eventually failing the print. Finally, satellite droplets can also 

interfere with the in-situ monitoring of droplets’ characteristic in flight.  
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Investigating the mechanism of droplet formation in Chapter 4, it was understood that 

the free ligaments detached from the nozzle were pinched off at the thinned neck, and 

satellite droplets were formed regardless of the jetting voltage. However, the satellites, 

developed at the optimal jetting voltage, could merge into the main droplet due to their 

correct relative speed. It was also seen that increasing the actuation voltage led to 

higher inertia within the liquid stream; consequently, the satellite droplets could not 

coalesce into the faster main droplets. These results are consistent with the findings of 

a great deal of the previous work in metal [75], [100], [101] and ink-based [94], [232] 

DoD devices, which reported the appearance of satellite droplets with an increase in 

jetting voltage.  

(II): In-situ monitoring of the droplets, which provides information about their size, 

speed, and trajectory, is crucial in choosing the spacing distance between droplets to 

avoid staircasing (Figure 9.3 c) or inter-droplet gaps (Figure 9.3 d). Furthermore, the 

speed of droplets should be known and synchronised with the motion of the stage such 

that droplets are deposited at pre-defined locations at the correct time. Finally, 

deviation of the droplets’ trajectory is unfavourable since droplets will be deposited 

onto the substrate with an offset from the locations obtained from the CAD file 

(Figure 9.3 e).  

The in-situ stroboscopic measurements presented in Chapter 4, demonstrated high 

reproducibility in forming uniform droplets in size and shape, with a perpendicular 

trajectory to the nozzle in the MetalJet platform. Furthermore, it was seen that the size 

and speed of individual droplets increased linearly with the jetting voltage, which 

corroborates the previous observations in the literature [100], [231], [236]. It is known 

that droplets’ size is mainly controlled by the length of the fluid column at the breakage 

[285], [286], and the higher jetting voltages induce longer streams.  

These results provided insight into the mechanism of metallic microdroplet generation 

at high temperatures (>1000 °C) for the first time and the effects of various jetting 

voltages on it, which were the primary objective of Chapter 4. Nevertheless, it is 

acknowledged that the effects of other important parameters, such as waveform (rise 

and dwell times) [62], [232], droplet material [75], and temperature (both of which 

influence viscosity and surface tension), reported to be influential in other DoD 



Chapter 9: Implications of the Developed Knowledge 

 

236 

 

devices, are yet to be understood. Given that investigating these aspects of the process 

experimentally is challenging due to its associated high costs, numerical modelling 

can be an alternative tool for this purpose.   

 

Figure 9.3- (I) Issues related to the formation of satellite droplets a) geometrical failure due to 

deposition of satellite droplets in undesired locations, b) structural failure due to the non-uniform size 

of droplets. (II) The necessity of in-situ monitoring to avoid c-d) staircasing and inter-droplet gaps 

due to the small and large overlap between droplets, respectively, both related to the lack of 

information about the droplet size, e) the inaccuracy in the droplet deposition due to the misalignment 

of droplet trajectory. 

 

9.2. Implications of droplet morphology investigation in 3D printing 

through DoD-MJ  

Providing insights into droplet dynamics and solidification, which define the final 

shape of the droplets, and understanding the factors that control them, were presented 

in Chapter 5. This investigation is important for several reasons: 

(I): The maximum droplet spreading defines the optimal spacing between the droplets 

such that there is neither a gap between droplets nor staircasing (Figure 9.4 a-b). This 

study demonstrated that the final morphology of droplets, including the spreading 

factor and solidification contact angle, resulted from an interplay between the 

spreading and solidification mechanisms. Whereas the wettability of the substrate by 

the molten droplet was key in the droplet’s dynamics and contact line motion, the 

substrate thermal properties and temperature were critical in the contact line arrest and 
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solidification behaviour. Spreading was predicted to increase with the increase in 

droplet temperature, which is in agreement with results previously reported in the 

literature [42], [120].  

Furthermore, the predicted increase in spreading factor with increase in substrate 

temperature, observed in Section 5.2, supports findings in other studies [31], [32], 

[192]. However, the theoretical models used in these studies did not match the 

experimental observations in this thesis due to the reactive nature of wetting in the 

current research, which influences both the maximum spreading factor and the 

solidification contact angle. Moreover, the results presented in this section evidenced 

the more influential role of the substrate’s temperature in defining the spreading factor 

compared to the droplet’s temperature due to the significant difference in their masses. 

(II): Inter-droplet voids, which in turn lead to lower relative densities, potentially form 

if the solidification contact angle is > 90°,  as demonstrated in Figure 9.4 c. High 

solidification contact angles were observed when the substrates were not wettable by 

the droplets and also when the solidification halted the contact line during the early 

stages of the relaxation phase. Porosity formation due to these reasons has been 

reported in the literature for millimetre-sized droplets of pure Al [13], [61] and Ag 

microdroplets [11]. Moreover, higher solidification contact angles, i.e., lower 

spreading factors, generate higher surface roughness (Figure 9.4 c), which is 

detrimental to the deposition of the next layer of droplets. On the other hand, the 

precision of the printed part decreases for droplets with a high spreading factor, as 

shown in Figure 9.4 d. In Chapter 5, it was discussed that long solidification periods 

resulted in contact line arrest during the wetting phase if there is a good wettability 

between droplet and substrate. This scenario, which resulted in a high spreading factor, 

occurred when the substrate temperature was slightly below the melting point of the 

deposited material.  

(III): Newly deposited molten droplets can unlikely fill the areas between ripples on 

the peripheries of previously deposited droplets (Figure 9.4 e), creating voids and 

increasing the thermal resistance at the droplets’ interfaces. It was demonstrated that 

slow cooling rates, such that the solidification period is longer than the damping 

period, prevent the formation of such striations. High substrate temperatures or a 
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limited heat transfer between the droplet and substrate, i.e., substrate material with a 

low thermal conductivity, provides such conditions. Results reported by Yi et al. [61] 

suggested that droplets deposited onto substrates with low thermal conductivities had 

a smoother surface, which is in agreement with the findings in this thesis. However, 

the claim that solidification ripples could not be improved by controlling the 

temperature parameters is refuted by the results presented in the current study.  

With the integrated numerical, analytical and experimental approach used in Chapter 

5, it was understood how the droplets’ final morphology is formed for Sn, Ag, and Cu. 

The knowledge obtained can be extended to other materials to obtain the required 

information regarding the spreading, solidification, and damping periods while 

avoiding costly and time-consuming experiments. Nevertheless, it is acknowledged 

that this method does not predict the exact morphology of droplets in the DoD-MJ 

process, for which extensive computational efforts are needed and were out of the 

scope of the thesis.  

 

Figure 9.4- a) Inter-droplet gap and b) droplet staircasing due to overlapping misadjustment, c) high 

surface roughness and inter-droplet void due to high solidification contact angle, d) loss of accuracy 

due to over-spreading of droplets, e) pores due to lack of fusion formed at mating surfaces when 

ripples are present,  f) droplet delamination due to the poor droplet-to-substrate bonding. 
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9.3. Implications of interface formation investigation in 3D printing 

through DoD-MJ  

Understanding the mechanism of interface formation, evolution of microstructure 

during the DoD-MJ processes, and the factors that control them were discussed in 

Chapter 6 and Chapter 7, and are essential for the following reasons: 

(I): The consistency of printed parts through DoD-MJ processes strongly depends on 

the droplet-to-substrate bonding. The bonding should be robust enough to withstand 

the thermal stresses generated during solidification and cooling. Otherwise, droplets 

may delaminate from the substrate (Figure 9.5 a). It was shown that a strong 

metallurgical bonding could be obtained if the temperature at the interface of the 

droplet and substrate exceeded the melting point of the substrate material. Whereas 

substrate melting for low melting point metals was feasible, forming such 

metallurgical bonding for high-temperature metals is more challenging or impossible. 

This is due to the system's limited capacity to provide adequately high initial droplet 

and substrate temperatures. Similarly, weak adhesion to the substrate has been 

reported in the literature for superheated Pt microdroplets deposited onto a Pt substrate 

[42] and Ag microdroplets deposited onto a Cu substrate [11]. These observations can 

be explained by the considerable mass difference between the microdroplets and the 

substrate, where the substrate acts as a heat sink and rapidly absorbs the droplet’s 

thermal energy.  

Furthermore, it was demonstrated that preheating the substrate is an effective strategy 

to enhance droplet-substrate bonding and increasing the superheat temperature can 

slightly improve the adhesion. These results reflect those of Schmaltz et al. [4] and 

Jafari et al. [193], who investigated the effects of the substrate and droplets’ initial 

temperatures on remelting depth in the microcasting process. Similarly, the adhesion 

strength of particles deposited on higher temperature substrates was improved in 

thermal spraying processes [252], [287], [288]. It was also demonstrated, for the first 

time, that printing on dissimilar materials provides the possibility of diffusion bonding 

below the melting point of the substrate material. For such bonding, the substrate 

should be wettable by liquid droplets to allow them to spread. Additionally, it should 
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possess a high diffusion coefficient to facilitate the diffusion of atoms into the droplet 

to form an intermetallic layer at the interface. 

(II): The bonding between droplets sets the structural integrity and consistency of 

printed parts in the DoD-MJ processes. Lack of consolidation between droplets causes 

the inter-droplet interfaces to be inherently weaker compared to the bulk material. 

Delamination or crack propagation is more likely to occur in these weakened regions, 

which could eventually lead to the failure of the part during the printing process or 

under external loading conditions (Figure 9.5 b). It was shown that strong inter-

droplet bonding is achievable through remelting the interface of the previously 

deposited droplets if the temperature at the inter-droplet interface exceeds the melting 

point of the printed material.  

It was also seen that inter-droplet interface formation requires less initial thermal 

energy than the droplet-substrate interface formation, which could be attributed to 

three reasons: (1) the surface of the previously deposited droplets is smoother than the 

substrate, and hence the thermal resistivity is lower at the inter-droplet interfaces, (2) 

the surface of droplets is oxide-free, whereas the etched or polished substrates can still 

react with oxygen in the short time before installation of the substrate inside the glove 

box, and (3) the grain structure, size, and direction of the surface of previously 

deposited droplets, which facilitates the diffusion of atoms between surfaces. 

Consequently, epitaxial growth made the inter-droplet interface formation possible at 

lower initial thermal energies.  

Furthermore, and consistent with the literature [61], [145], [220], it was seen that 

increasing the initial droplet and substrate temperatures enhances the inter-droplet 

bonding level. Previous research in the literature [141], [145], [214] reported the so-

called heat accumulation issue in other DoD-MJ processes, which was aggravated by 

increasing the jetting frequency (as low as 5 Hz) and led to bulging and an eventual 

loss of dimensional accuracy. However, the findings of the current thesis indicated 

that this is not an issue in the MetalJet process. This is attributed to the rapid 

solidification of the microdroplets in the MetalJet process, which is faster than the 

maximum rate of deposition (500 Hz).  
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Figure 9.5- a) delamination of a single droplet from the substrate due to a poor adhesion, b) crack 

propagation at the droplets’ interface due to the lack of bonding. 

9.4. Implications of microstructure investigation in 3D printing through 

DoD-MJ  

The final properties and serviceability of components are mainly defined by the 

capability of obtaining a target solidification structure (planner, cellular, dendritic 

columnar, or dendritic equiaxed) and grain size. Fine equiaxed structures are usually 

more favourable due to their strength, ductility superiority, and isotropic mechanical 

properties. In contrast, columnar grain structures tend to reduce the tensile strength of 

the parts. It is essential to understand the mechanism of microstructure evolution to be 

able to control it. In this thesis, it was shown that the solidification rates and thermal 

gradient, mainly dictated by the substrate temperature and properties, largely 

determined the solidification structure of droplets. Low substrate temperatures yielded 

an epitaxial layer at the vicinity of the interface, and columnar grains in the direction 

of the thermal gradient in the upper section of the droplet. On the contrary, larger 

equiaxed grains were obtained at higher substrate temperatures.  

These results are in agreement with observations from other metal AM technologies, 

such as DED [289], EBM [265] L-PBF [208]. The microstructure in these technologies 

typically consists of epitaxially grown grains near the substrate or the previously 

deposited layer, followed by columnar grains, and eventually coarser equiaxed grains 

near the topside. This thesis also demonstrated that rougher substrates resulted in grain 

refinement since the surface heterogeneities acted as nucleation sites for the grain 

growth. Even though these results are encouraging, it is noted that using rougher 

surfaces can only improve the properties of the first layer, which is in direct contact 

with the substrate.  
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Furthermore, it was observed, for the first time, that the diffusion of atoms from the 

substrate to the droplets resulted in a more refined microstructure, even for substrates 

at elevated temperatures. Indeed, the intermetallic particles could diffuse to the upper 

sections of droplets, act as nucleating agents, and trigger heterogeneous nucleation. 

These observations indicate a mechanism operating in MetalJet that resembles the 

grain-refining technology used in other metal AM technologies to encourage a 

columnar to equiaxed transition (CET) of the structure [43], [208], [290]. 

Consequently, it is observed that diffusion between the substrate and droplets has a 

twofold impact on DoD-MJ processes. First, it enhances droplet-substrate bonding. 

Secondly, it leads to a more refined grain structure and, eventually, better mechanical 

properties.  

Interestingly, in Section 6.1.3, the in-situ formation of twin boundaries during the 

deposition of high-temperature metal onto substrates at low temperatures was 

reported. Indeed, the recrystallization, triggered by plastic strains, led to twin 

boundary multiplication. The high thermal gradients between droplets and substrates 

or previously deposited droplets resulted in high residual stresses and provided the 

required mechanical deformation for the onset of recrystallization. Enhancing the 

mechanical properties of parts by incorporating twin boundary grains using special 

thermomechanical processing strategies, referred to as Grain boundary engineering, 

has been gaining attention in recent years in L-PBF [270] and DED [291] processes. 

This thesis demonstrated that in-situ grain boundary engineering could be obtained 

through the MetalJet platform under large thermal gradients between droplet and 

substrate or previously deposited droplets. Nevertheless, it is acknowledged that the 

bonding level at the interfaces aggravates under these conditions, which is detrimental 

to the structural integrity of parts. It is noted that these observations open up new 

opportunities, which merit further investigations.   

9.5. Implications of residual stresses investigation in 3D printing through 

DoD-MJ 

The mechanism of residual stress evolution in the MetalJet process was investigated 

in Chapter 8. This is essential because their detrimental effects, such as warping, 

delamination, cracking, and dimensional tolerance losses, cannot be mitigated without 
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this knowledge. It was understood that residual stress-induced delamination at the 

interface occurred due to the steep thermal gradients and uneven thermal compression 

and expansion for droplets of high-melting material deposited onto medium-

temperature substrates. The numerical efforts were made to evaluate the effects of 

various process parameters in mitigating the level of these thermal stresses and 

rectifying the undesirable delamination.  

It was demonstrated that preheating the substrate was an effective strategy for reducing 

the level of thermal stresses. Indeed, preheating the substrate to higher temperatures 

decreased the thermal gradient between the droplet and substrate and lowered the level 

of residual stresses. The physical mechanism of stress generation in DoD-MJ is similar 

to Thermal Spraying [292], DED [210], and microcasting [213] processes. Consistent 

with the results in this thesis, substrate preheating is used to decrease the residual 

stresses in the above mentioned processes [38], [276]. 

9.6. The implication of the current study in developing new materials and 

the system’s limitations  

Metal jetting is expected to enable the direct and digital manufacturing of complex 

structures while eliminating the pre- or post-printing treatments required in other metal 

AM techniques. In order to reach this target, this thesis aimed to comprehensively 

understand the role of various process parameters involved in five principal aspects of 

the process in this technology to optimise them effectively. This task was 

accomplished for three low- and high-temperature metals: Sn, Ag, and Cu, which are 

used for the potential applications envisaged for MetalJet, i.e., electronic devices.  

In simple words, this thesis provides the knowledge for the system users to choose the 

process parameters, including the jetting waveforms, droplet temperature, substrate 

temperature, substrate material, and surface roughness for these three materials, such 

that the printed part meets the quality requirements. The required quality may vary 

based on the target application. Whereas a strong metallurgical bonding is required for 

an electronic circuit to ensure high electrical conductivity, a loose bonding is preferred 

for other applications, such as catalysts. The integrated numerical and experimental 

approach adopted for this study permits the expansion of this knowledge for 

developing new materials and provides the basis for choosing the process parameters 
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for them. Overall, the study performed in this thesis represents a step forward in the 

direct metal printing of high-resolution functional multi-material components. 

During the course of this PhD, some limitations and challenges with the MetalJet 

platform were observed. It was seen that despite the capacity of the system to reach 

2000°C, slag formation between the coating inside the cartridge and the molten metal 

(Cu) at the nozzle level can prevent the jetting. This is due to the reaction between Cu 

and the coating at an elevated temperature. Hence, it is expected that all conductive 

metals may not be printable through the system. Moreover, cartridges have a limited 

life duration and should be replaced after several experiments. Given the high costs of 

these cartridges due to the complicated manufacturing route, this limits the number of 

experiments and can slow down the progress of the technology.  

Furthermore, the oxygen content should be maintained below two ppm, particularly 

for high-temperature materials, which add extra costs and maintenance issues for 

running the system. The specific design of the actuation chamber and the position of 

electrodes result in the formation of uniform droplets in a controlled manner since the 

actuation is applied to a precise volume of material close to the orifice. However, the 

direct contact of the electrodes with molten metal through the chamber can lead to 

leakage from the electrodes if the precise tolerances in the manufacturing process are 

not met.  
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10. Conclusions and Recommendations for Future 

Research 

 

 

 

The PhD aimed to provide a comprehensive understanding of various aspects of drop-

on-demand metal jetting through the MetalJet system. This was achieved by defining 

five main axes of studies, including droplet formation, droplet dynamics and 

solidification, interface formation, microstructure, and residual stress evolution, and 

investigating them through an integrated numerical, experimental, and analytical 

approach. Finally, the knowledge obtained throughout this PhD was successfully 

employed to print 2D and 3D objects through MetalJet 

The main findings of this research are as follows:  

• The capability of the MetalJet platform to produce uniform microdroplets in shape 

and size with a perpendicular trajectory to the nozzle was demonstrated. Moreover, 

the mechanism of droplet formation through a magnetohydrodynamic actuator was 

explained.  

• Effects of the jetting voltage and frequency on the droplet formation and the 

characteristics of droplets in flight were investigated. Based on these findings, the 
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DoD generation was categorized into seven regimes, from no droplet ejection to 

spraying, which is mainly controlled by the jetting voltage. 

• It was shown that liquids with high surface tensions are prone to one or several 

breakups in the neck of the free ligament, which forms satellite droplets. If the 

jetting voltage is not optimal, the satellite droplets are relatively slower than the 

main droplet and cannot merge into it. The breakup length and, consequently, the 

droplet size alongside the droplet speed increased as the jetting voltage increased. 

In contrast, the breakup time was shown to be independent of the jetting voltage 

and is expected to be controlled by waveform properties such as dwell time.  

• The final morphology of droplets, which resulted from an interplay between the 

spreading and solidification mechanisms, was investigated through an integrated 

analytical and numerical approach for Sn, Ag, and Cu. 

• It was shown that the desired droplet morphology with a solidification contact 

angle of ~90 degrees was obtained when the contact line was arrested between the 

relaxation and wetting phases. Furthermore, undesirable solidification ripples can 

be avoided if the solidification period is long enough such that the viscosity effects 

can dampen the oscillations before they freeze in place. The hybrid FE and 

analytical approach developed in this thesis can be used to identify a suitable 

processing window for each material.  

• Conditions to obtain strong droplet-substrate bonding were investigated through 

FE modelling of the solidification process during the droplet deposition. It was 

shown that realising a robust metallurgical bonding through substrate melting for 

high melting materials is challenging and requires extensive substrate preheating 

for high-temperature metals. One of the noteworthy outcomes of this research was 

demonstrating a strong adhesion of droplets to the substrate at temperatures 

considerably below the melting point of the substrate’s material through diffusion 

bonding. 

• It was also demonstrated that the interface formation at the droplet-droplet level 

requires fewer thermal energies than at the droplet-substrate level due to smoother, 

oxide-free conditions, the grain structure, size, and direction of as-deposited 

droplets.   



Chapter 10:  Conclusions and Direction of Future Research     

 

247 

 

• A strong inter-droplet bonding for low-temperature metal was obtained, and the 

depth of remelting was increased at higher substrate temperatures. Furthermore, 

the microstructure of the dual droplets at higher temperatures consisted of very 

few large grains. In contrast, refined columnar grains were observed in droplets 

deposited onto the substrate at lower temperatures.  

• The substrate material and temperature were shown to be the most influential 

element in setting the droplets’ morphology and defining the level of bonding. 

Whereas droplet temperature, surface roughness, and droplet size also influence 

the bonding level, their effects remain somehow limited.  

• Results from the thermomechanical model developed in this thesis showed that 

residual stresses were generated due to steep temperature gradients during the 

deposition and cooling. Uneven contraction and expansion in the vicinity of the 

interface lifted the droplets of high melting point material at its edges. The 

residual-stress-induced delamination is likely to happen due to a high magnitude 

of thermal stresses at the droplet-substrate interface. 

• Substrate preheating to elevated temperatures was the most effective strategy for 

mitigating the residual stresses at the interface of droplets and substrates.  

The knowledge obtained from this work can be used to establish a scientific basis for 

selecting the process parameters to produce consistent 3D structures that meet the 

desired quality. The outcomes have the potential to pave the path towards the direct 

metal printing of high-resolution functional multi-material components. 

 

10.1. Recommendation of Future Work 

 

DoD-MJ is a nascent AM technology at an early stage of development, and its full 

potentials are yet to be explored. The work performed in this thesis has contributed to 

understanding various aspects of the process, including droplet formation, interface 

formation, evolution of microstructure, and residual stress development. Even though 

the aim and objectives of this PhD were met, some areas were still not addressed in 

this thesis. Indeed the knowledge obtained through the course of the PhD, the 
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challenges, and the limitations faced are beneficial in defining the directions for future 

work.  

10.1.1. Process and modelling 

• In Chapter 4, the formation of microdroplets in the MHD process presented in 

this thesis was experimentally probed, which provided a basic understanding 

of the sequence and mechanism of droplet generation. However, a thorough 

understanding of this process and its underlying physics is only feasible 

through the numerical modelling of droplet ejection. This knowledge is 

essential to optimise the current waveforms at the first step, and more 

importantly, to expand the list of printable materials by the system.  

• The five principal elements involved in the metal jetting process were 

investigated for three metallic elements, Sn, Ag, and Cu. The integrated 

analytical, numerical, and experimental approach established in this thesis can 

be used to choose the process parameters of new metallic elements and alloys, 

such as Al, Ni, Au, Sn-Ag, Ag-Si, Au-Si, Sn-Ag-Cu, and Ag-Au-Cu. 

Furthermore, the unique fabrication approach of DoD-MJ offers an 

unprecedented degree of freedom to the in-situ development of new alloys 

from elemental materials. Finally, DoD-MJ provides the possibility of multi-

metal printing with unmatched accuracy and precision compared to other metal 

AM methods due to its drop-by-drop deposition capacity.  

• The studies performed in the thesis were limited to single-layer deposition, 

while in reality, the droplets’ curved surface can influence the dynamics and 

solidification of droplets and the consequent developed residual stresses in the 

following layers. In future, the presented model can be upgraded to account for 

this effect by incorporating the previously calculated temperature, stress, and 

plastic strain fields in the subsequent analysis step.  

• In chapter 7, it was shown that strong metallurgical bonding between Cu 

droplets could not be obtained, and increasing the initial substrate temperature 

to the maximum level was not an effective solution. As an alternative strategy, 

substrate materials with lower thermal conductivities, such as ceramics, which 

limit the fast heat dissipation from the droplet, could be used. However, it is 

essential to coat their surface with a thin layer (nano-micro) of a compatible 
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metallic material to overcome the challenges related to their poor wettability 

with liquid metals. Furthermore, solutions such as increasing the temperature 

of droplets in-flight by applying a laser pulse or direct application of a laser 

pulse onto the substrate (pre or post-heating) can be envisaged. Including a 

laser source in the glove box requires further modifications to the system, but 

it can also open new opportunities for selective microstructure modifications.   

10.1.2. Characterisation  

• The microstructure of single and multi-droplets printed through the MetalJet 

platform was investigated in chapter 6 and Chapter 7. It was explained that 

there is a correlation between the mechanical properties and the final 

microstructure of parts. However, the quantitative measurement of the 

mechanical properties of the components printed through this technology is 

missing. Even though conventional mechanical performance measurements 

fail to fulfil this task, methods such as micro tensile testing of samples prepared 

by FIB-milling can be explored. This method can also be used to quantify the 

bonding level at the interfaces.   

• The sequentially coupled thermomechanical model developed in this thesis 

provided insight into the mechanism of residual stress evolution in the process. 

However, the quantitative measurement of residual stresses of printed droplets 

and parts is missing, and XRD measurement (not presented in this thesis) failed 

to answer this question accurately. As an alternative solution, residual stresses 

can be obtained from the deflection of microcantilevers during FIB layer 

removal and a simple FE model to calculate the residual stresses from the 

deflections.  
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