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In this paper, we study the behaviour and spreading dynamics of molten metallic alloy

droplets. Five solders, including three rare earths and a commercial alloy, were used to

assess their splashing behaviour in terms of the material and impacting conditions. The

metallic solders were melted down in a heated chamber (oven) and then dripped onto a

smooth copper flat substrate as spherical droplets. The impact of each alloy droplet was

recorded and analysed by high-speed imaging and image analysis to obtain the impact

speed, the droplet size and the dynamic contact angle. Our results show that the impact

behaviour is well parameterised by the splashing ratio, a dimensionless number encom-

passing the impact and liquid properties, and the maximum dynamic spreading contact

angle. Our results are useful to the industry as they provide a criterion to select the maxi-

mum soldering injection speed, or the droplet size, to avoid splashing during soldering or

the jetting of molten metals.
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I. INTRODUCTION

The era of the internet-of-things has brought the ubiquity of electronic devices and sensors to

our daily life at a time when the world fights to become more sustainable. Substantial efforts by

the digital industry are focused on improving the already efficient manufacturing methods and the

development of green electronic materials and components. In particular, the printing of elec-

tronics is a very active area of research that aims to bring the benefits of inkjet methods to the

manufacturing of electronic devices1. Inkjet uses liquid droplets to create patterns on a variety

of substrates, including fabrics, ceramics, and paper. Inkjet is additive and digital, so it neither

produces waste nor requires a template. Recent advances permit the printing of inks containing

metallic particles and conductive polymers for the manufacturing of electric tracks and simple

circuits. Current studies in inkjet systems aim to improve resolution by improving the jetting and

impact of droplets. Other challenges remain in the field, such as the direct jetting of metals or the

printing of high viscosity liquids.

Droplet impact has been widely studied since the pioneering work of Worthington at the start

of the 20th century2. Since then, multiple studies have focused on understanding the impact-

ing behaviour of droplets, that range from smooth deposition and spreading, to bouncing and

splashing3,4. Past works have demonstrated that the impact behaviour depends on the liquid

properties (surface tension γ , and density ρ)5–7, the substrate properties (roughness, curvature,

wettability and stiffness)8–12, the ambient gas13–15, and the droplet size and speed (D0 and U0,

respectively)3. At slow impacting velocities, a droplet smoothly spreads over a substrate to

reach a maximum diameter to then recede to an equilibrium state. Faster impacts trigger the

growth of surface instabilities that form finger-shaped structures at the spreading rim (often called

lamella)4. Above a critical impacting speed, these instabilities break up the rim generating sec-

ondary droplets; this is defined as splashing3,4.

The impact of droplets has been studied in terms of various scaling parameters such as the

Weber number, the splashing parameter, and the capillary number5,16. For example, the Weber

number (We = ρD0U2
0 /γ) has been used to characterise droplet impact on liquid surfaces at differ-

ent temperatures17, and to study the simultaneous impact of droplets on molten surfaces18. While

these dimensionless numbers can successfully parametrise the impact behaviour of a single liquid-

substrate system, only the splashing ratio and the dynamic contact angle have been proven to di-

vide the splashing/no-splashing behaviour across multiple substrates and liquids,11. The splashing
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FIG. 1. Impact and spreading dynamics of molten metal alloys on a flat copper plate at room temperature

(22 Celsius). a) Experimental snapshots at different times, taken by high-speed imaging at 8,000 fps.

b) Dimensionless spreading diameter, D(t)/Dmax, in terms of time from impact. All alloys recede after

reaching the maximum spreading diameter Dmax, solidification occurs at much later times.

ratio is given by β ≈ 1.73 µ
1/2
g (ρD0)

1/6U5/6
0

γ2/3 , where µg is the ambient gas viscosity, and represents

the balance between surface tension and the aerodynamic forces acting on the spreading lamella.

Splashing occurs above a critical point, where aerodynamic forces dominate surface tension break-

ing up the lamella. Indeed, droplet splashing on rough and smooth flat substrates has been found

to be correctly parameterised by the splashing ratio and the contact angle for various liquids on

surfaces ranging from hydrophilic to superhydrophobic11,14,19.

In addition to the standard liquid properties, in molten metals, the substrate temperature and

the thermal properties has been found to play a role in splashing. Aziz and Chandra, in 199920,

studied the impact of tin droplets on steel at room and above-melting temperatures. They observed

a more prominent splashing on heated surfaces than those at room temperature; solidification

arresting breakup20. Gielen et al., in 2020, found that the critical splashing velocity of molten

metal drops depends on the substrate temperature21. In contrast, Dhiman and Chandra, in 200522,

found that tin droplets splash on cold aluminium and stainless steel surfaces but do not splash

on hot surfaces. They argued that droplet solidification near the contact line triggers instabilities

that lead to splashing22. In fact, in molten tin, a sub-micron surface roughness triggers splashing

but a micrometer-sized roughness prevents splashing due to changes in the solidification rate23.

Additionally, other studies have demonstrated that heat transfer overcomes both surface tension

and roughness on the splashing of gold droplets24.

During the fabrication of electronic devices, molten metal droplets are used for the creation of
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solder bumps to connect chips and other electronics to a circuit board25,26. As part of the process,

splashing is often observed27. Therefore, understanding the underlying mechanisms of droplet

splashing are crucial when optimising the quality and efficiency of electric soldering. Sn-Pb-based

solders have long been used by the worldwide electronics industry thanks to their excellent proper-

ties and characteristics, such as their low melting point (∼ 180 Celsius), good wettability, and low

price28. However, lead is toxic and a well-known contaminant of both soil and subsoil; eliminating

lead from solders and electronics is highly desired. Sb-Ag-Cu alloys are widely used as lead-free

solders, but their high-temperature melting point (∼ 220 Celsius) can damage miniaturised elec-

tronic devices, such as those found within cell phones, smart watches and headphones. Other

alternatives are the Sn-Bi-Ag-X alloys, where X stands for rare earth elements such as Cerium

(Ce), Neodymium (Nd), and Praseodymium (Pr). These lead-free rare earth solders have a low

melting point29 (< 139 Celsius, as seen in Table I) and readily satisfy current safety regulations in

Europe and America30. In fact, earth elements in Sn-Bi-Ag improve the physical and mechanical

properties of solders, making them the preferred choice for electronic device fabrication31.

TABLE I. Physical properties of the alloys used in this work.

Alloy Eq. contact Density Surface tension Melting T

angle ×103 kg/m3 mN/m Celsius

SnBiAg 129±3 8.31 515 ±8 139.5

SnBiAgCe 117±3 8.51 585 ±8 136.8

SnBiAgPr 117±3 8.74 588 ±8 138.4

SnBiAgNd 129±3 8.47 634 ±2 138.5

60EN32 139±3 8.50 594 183.0

In this paper, we study the spreading and splashing dynamics of solder alloys containing Sn-Bi-

Ag and rare earths, namely, Ce, Nd and Pr. The following alloy compositions, chosen to be near

their eutectic points, were used: Sn-Bi-Ag 58.53%, 40.80%, 0.65%; Sn-Bi-Ag-Ce 62.74%, 36.3%,

0.66%, 0.18%; Sn-Bi-Ag-Nd 59.38%, 39.73%, 0.71%, 0.17%; Sn-Bi-Ag-Pr 61.83%, 37.14%,

0.69%, 0.32%. These alloys were characterised by Inductively Coupled Plasma Emission Spec-

trometry. Our results indicate that the liquid properties of these alloys (when molten) are similar

to that of a commercial solder (60EN). As seen in Table 1, the alloys studied here have a similar

density, surface tension and equilibrium contact angle than their commercial counterpart. How-
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FIG. 2. (left) Schematic view of the experimental setup (not to scale). A pre-loaded syringe tip is heated

in the oven to 220 ◦C where the alloy melts to form and drip a droplet. Droplet impacts are then recorded

by high-speed imaging. (right) Experimental system used for the measurement of the (equilibrium) surface

tension of pending droplets. The temperature within the oven is kept constant by a heating element and a

thermometer found within the oven enclosure

ever, the Sn-Bi-Ag base is near its eutectic point so the resulting melting temperatures of the rare

earth alloys are substantially better than the commercial one31. As describe above, these melting

temperatures not only favour the soldering of small electrical elements but also had the additional

benefits of energy saving. In addition, Cerium was used as its properties are close to that of Nd

and Pr, but at a low cost. Interestingly, we found that a Neodymium doping significantly increases

the alloy’s equilibrium surface tension without affecting: wetting, the impact dynamics or the

melting temperature. Furthermore, for the first time, we have obtained the dynamic wetting of

these alloy’s, through the measurement of the dynamic contact angle at spreading speeds up to

2.0 m/s. These results demonstrate that molten metal droplets acquire an asymptotic maximum

contact angle during spreading. In addition, we found that the splashing behaviour of these alloys

is correctly parameterised by the splashing ratio and the dynamic contact angle. In this letter,

splashing is identified visually from experiments and defined as the event where the front of the

impacting and spreading droplet breaks up into smaller droplets.

II. PRODUCING SOLDER DROPLETS

In this work, we use high-speed imaging to study the impact of the molten alloy droplets; the

setup is illustrated in Fig. 2. In brief, the experiment consists of an oven mounted on a support,

a flat copper substrate, a heated bed, and a high-speed camera. The oven is a metallic enclosure
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FIG. 3. Spreading and splashing dynamics of solder droplets impacting at 3.2 m/s a flat copper substrate at

22 Celsius. Secondary/satellite droplets detach from both the Sn-Bi-Ag and the (commercial solder) 60EN

droplets at t = 0.44 ms. At later times (t = 0.89 - 1.78 ms), other secondary droplets detached from the 60EN

droplet.

in which an electrical resistance heater, and a thermometer, control the inside conditions from

room temperature to 220 Celsius. The enclosure has two circular apertures at the upper and lower

sides; the upper orifice is used to introduce the metallic tip of a glass syringe that has been pre-

loaded with the solder sample. The lower orifice permits a dripping droplet to exit the enclosure

and impact the substrate below. The enclosure also has two optical windows on the side walls

to observe the melting, formation and dripping of the metallic liquid droplets. Solder droplets

are generated by heating the sample within the syringe tip to a temperature of 220 Celsius. After

melting, the molten material is pushed through the syringe to slowly form a pendant drop at the

tip. At this point, surface tension is measured using the pendant drop method and ImageJ33; the

experimental setup is seen in Fig. 2. Surface tensions obtained by this method are found in Table

I; densities were obtained by the Archimedes’s method. After overhanging, the droplet is slowly

pushed to detach from the tip and fall by gravity. Here, the droplet diameter was maintained

approximately constant at D0 = 2.1± 0.1 mm. The falling distance was varied from 70 to 530

mm, leading to impacting velocities in the range of U0 = 0.97-3.22 m/s. Our experiments were

carried out in the low Ohnesorge number regime, Oh � 1, where Oh= µ/
√

ργD0 and µ is the

molten solder viscosity. In this range, according to Riboux and Gordillo in 2014 and de Goede et

al. in 2018, liquid viscosity effects can be disregarded14.

Experiments were conducted in air and at atmospheric pressure. In industrial and scientific
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FIG. 4. Spreading dynamics of Sn-Bi-Ag-Pr droplets impacting at 1.0 m/s on a flat copper substrate at

22 Celsius (left), and 220 Celsius (right). As seen, the spreading dynamics see important differences at

the region around the contact line after 3.0 ms. Solidification shows discernible effects; at 22 Celsius the

contact line is pinned to the substrate and arrests receding. In contrast, at 220 Celsius, the droplet remains

liquid, not pinned, and receding.

applications, soldering occurs under various environmental conditions ranging from standard at-

mospheric conditions to inert gas mediums21,34. Here, we decided to perform our experiments

in air, as this condition is commonly found in industry and during standard prototyping. In fact,

inert environments are often prohibitively costly to industries. Past works have studied the role of

oxidation on the dynamics of liquid metals finding that oxide affects the breakup of liquid metal

sheets34. Furthermore, Xu et al. in 2013 and Yang et al. in 2023 explored the effect of oxide on the

impact dynamics of aluminium and gallium-indium droplets finding that viscous dissipation due

to the oxide is negligible during spreading35,36. We note that our surface tension measurements,

reported in Table 1, are in agreement with those taken within an inert atmosphere, i.e. Gielen et.

al in 202021. Our compelling parametrisation suggests that oxidation, or other effects acting on

the contact line, are correctly captured by changes on the contact angle. Indeed, an interesting

proposal for future work would be to study the effect of oxidation on the contact angle. Droplet

impact was recorded at 8,000 fps at an exposure time of 17 µs. A Chronos camera and a 6×

Navitar microscope lens were used at a resolution of 9.47 µm per pixel. All droplets impacted a

copper plate set either at room temperature (22 Celsius) or at 250 Celsius. Dynamic and equilib-

rium contact angles were obtained by a custom-developed image analysis in Matlab37. In brief, the

method detects and fits a second-order polynomial to the droplet boundary around the contact line,
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examples of the contact angle measurements in terms of the contact line velocity ucl and time are

shown in Fig. 5. Droplet sizes and impacting speeds were also determined from the image analysis

in Matlab. The measurement of the contact angle is affected by resolution, the interrogation area,

the polynomial fitting, and vertical offsets of the substrate,37. Here, we used a second-order poly-

nomial fitting on a fitting domain equivalent to 4% of the droplet profile length produce the most

accurate results. Under these conditions, we obtained our reported error on the dynamic contact

angle, i.e. ± 3 degrees.

FIG. 5. Dynamic contact angle in terms of the contact line velocity ucl of solder alloys impacting on a

copper plate at a) 22 Celsius, and b) 250 Celsius. As seen, all the alloys spread at a constant contact angle.

Insets show the dynamic contact angle in terms of the time from impact, where the differences between

the unheated and heated impacts are much visible at t ≥ 0.15 ms. Unheated droplets reach the equilibrium

contact angle as they solidify. In contrast, in a heated impact, the contact angle oscillates and varies to

gradually achieve equilibrium.

III. DYNAMICS OF A METAL DROPLET IMPACTING ON A RIGID PLATE

Figures 1 and 3 illustrate our results; a droplet impacting at U0 = 0.95 m/s undergoes a smooth

deposition and spreading (no splashing) but an impact at a higher speed (U0 = 3.2 m/s) leads

to splashing. During spreading (t < 3 ms), and within error bars, the dynamic contact angle of

all the alloys takes an asymptotic constant value, often called the maximum dynamic spreading

contact angle. For all alloys, θmax = 145±3 degrees, as seen in Figs. 1b and 5a. These results are

consistent with the advancing contact angle measurements made by Aziz & Chandra in 2000 on tin
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droplets20. The spreading behaviour of the alloys and the commercial 60EN are found in Figure

1a. At early times (t < 3 ms), we see the droplets spreading to reach a maximum diameter and they

acquire a pancake-like shape. In fact, at these times, the impact (t . 3 ms) and spreading dynamics

are similar between alloys, regardless of the substrate temperature, indicating that, at such time

scales, there is no phase transition (solidification); please also see Fig. 1 in the supplemental

material. At longer times, for the impact at room temperature, we see the contact line receding to

a stop due to solidification at t = 5 ms, as shown in Fig.1. In contrasts, the contact line remains

mobile for longer times at the hot substrate; pinning is only observed at t = 30 ms, see Fig. 1 in

the supplementary material. As demonstrated by Ruiter et al. in 201838, a spreading and freezing

droplet follows a tank-treading like motion, where fresh liquid metal comes in contact with the

substrate. In our experiments, Figure 4, we observed a mobile contact line during spreading and

our advancing contact angle measurements correspond to that formed by the molten metal and the

copper substrate. On heated substrates, the solder droplet remains liquid and free to recede, as

seen in Figure 4.

The contact angle dynamics are found in Figs. 5a and b, where we see that, beyond spreading,

the behaviour between impacting temperatures is different. For rare earth solders impacting the

substrate at 22 Celsius, the contact line gets pinned 5 ms after impact, and the contact angle

remains constant for about 10 ms at ∼ 90 degrees. The contact angle then increases to take its

equilibrium value 15 ms after impact as the droplet solidifies. In contrast, when impacting a

substrate at 250 Celsius it does not experience solidification, and both the contact line and the

contact angle remain mobile. In fact, the contact angle decreases gradually to reach an equilibrium

tenths of milliseconds after impact. The dynamics of the 60EN commercial solder are different as

the contact line pins earlier than its rare earth counterparts. Indeed, for both unheated and heated

substrates, the contact angle dynamics of 60EN stops within the first 10 ms as a consequence of

its higher melting temperature and a possible phase transition.

The splashing behaviour also shows differences in terms of the temperature of the substrate.

Impacting at 2.0 m/s on a plate at room temperature results in splashing on all the alloys. Figure 3,

shows the splashing of SnBiAg and 60EN droplets impacting the copper substrate at 3.2 m/s. As

noted by past works11,19, the splashing behaviour of Newtonian fluids, that are found in a natural

liquid form at room temperature, has been well-parameterised by the splashing ratio β and the

asymptotic dynamic contact angle θmax. Accordingly, Figure 6 shows all the impacting experi-

ments classified by their splashing behaviour, in terms of β and θmax. As observed, the behaviour
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is well divided into two groups: droplets that impact and spread (no splashing, solid symbols) and

droplets that impact and splash (hollow symbols). Indeed, a common critical splashing ratio, or

spreading threshold, is found at β ≈ 0.0165; the threshold common to both the impact on heated

and the unheated substrates. A divide also exists between the dynamics at the two surface temper-

atures, the maximum spreading contact angle being lower at higher temperatures; this observation

being well in agreement with previous studies carried out for tin droplets20.

FIG. 6. The splashing ratio β in terms of the asymptotic spreading dynamic contact angle θmax. Open

symbols represent splashing while solid symbols stand for spreading or no splashing. All our experimental

conditions are included here.

Molten solders and metallic alloys are unique among other fluids, for which their splashing

behaviour is understood, owing to their significantly different liquid properties. For example,

molten solders have densities approximately nine times higher than water, and surface tensions

up to 30 times higher than ethanol. Interestingly, solder droplets spread at a contact angle of

θmax = 145± 3 degrees, which conforms to superhydrophobic dynamics11. A critical splashing

ratio of β ∼ 0.0165, seen in Figure 6, is significantly lower than that of water (β ∼ 0.060) on

hydrophobic substrates11,19. It is then not surprising that splashing is a common daily occurrence

during electric soldering; millimetre-sized solder droplets splash on copper at significantly slower

speeds than their water counterparts on wettable substrates; 1.15 ms versus 4.0 m/s.
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IV. REMARKS

In this work, we have focused on experimental conditions closer to industrial interests, where

the substrate is either at room temperature or at 220 Celsius. Our results show that the dynamic

contact angle decreases with the substrate temperature, without affecting the critical splashing ra-

tio. In addition, we have demonstrated that the splashing behaviour is successfully parameterised

by the splashing ratio, a dimensionless scaling that includes the liquid properties and the air vis-

cosity, and the maximum dynamic contact angle. This parametrisation is consistent among other

liquids and substrates19, and among the five different solders studied here. We have also shown

that the fast-acting wetting dynamics of solders, e.g. the dynamic contact angle, at fast spreading

speeds is also consistent with the spreading of other conventional liquids; molten solders/alloys

acquires an asymptotic maximum contact angle value during spreading. We have also showed that

rare-earth-dosed alloys present very similar wetting and splashing behaviour to that of commercial

and undosed solders.

Surface effects are known to affect splashing. For example, Quetzeri et al. in 201919 demon-

strated that surface roughness promotes splashing by increasing the maximum spreading contact

angle. However, roughness also affects the splashing ratio by lowering the critical impacting

speed. Future works could focus on extending our study to substrate temperatures beyond the

melting point, or on studying the effect of flux on the wettability dynamics.

We end by noting that our results indicate that, in their current realisation, inkjet methods would

not be suitable for the printing of solder alloys. Common commercial inkjet printers operate with

droplet sizes of D0 = 50 µm at jetting speeds U0 > 5.0 m/s, and these conditions result in a

splashing ratio of β ∼ 0.0265 which, according to our results, predicts splashing. In fact, a 50 µm

solder droplet needs to impact a copper substrate at 3.8 m/s to spread without splashing.

SUPPLEMENTARY MATERIAL

Supplementary material is available, including the spreading dynamics of solder alloys on a

heated copper plate, and a Table with equilibrium contact angles at various conditions.
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