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Abstract 9 
Selective soldering utilises wettable metal nozzles for controlled application of solder to components. The wetting of solder to 10 

the nozzles is part of a complex mechanism that causes wear of the nozzle due to chemical interaction between the solder and 11 

the nozzle. This study explores the fundamental interactions between flowing solder and the nozzle. 12 

 13 

Nozzles can last for hundreds of hours with the correct maintenance, however dewetting and eventual wear results in a loss of 14 

productivity and therefore revenue. Performance improvements to selective soldering nozzles allows for operation in more 15 

demanding process environments, producing higher quality and more reliable products, whilst also reducing process downtime 16 

and producing fewer defects. Thus far, limited work has been produced analyzing the efficacy of alternative alloys to improve 17 

the lifespan and wettability of selective solder nozzles. 18 

 19 

A joint research project between industry and academia1 has been established to investigate the fundamental wear mechanisms 20 

of selective soldering nozzles and develop improved nozzles with increased wettability and lifetime. Alternative alloys are 21 

investigated for their operational viability. 22 

 23 

Details of the methodologies employed will be given. Wear was quantified by proportional mass loss measured at regular time 24 

intervals throughout the nozzle’s operational life. Wettability was quantified by measurement of the contact angle with solder 25 

in an inert atmosphere to mimic in-situ conditions. 26 

 27 

Insights into field performance of these new nozzles will be presented with reports from key testing partners. 28 

 29 

Introduction 30 
The soldering nozzle has been present in the electronics industry since the early 1990s with the advent of the first selective 31 

soldering machines. This methodology was first utilized as it allowed for more control of individual solder joints than wave 32 

soldering enabling it to be applied to boards with high densities of components or those with complex geometry.  33 

 34 

The adoption of lead-free solders has introduced numerous challenges such as the change in process parameters due to the 35 

higher melting point of the alloys, tin whisker formation and the altered mechanical properties compared to leaded solder [1–36 

3]. Furthermore, the use of lead-free solders has highlighted the wear issue present with the use of wetted nozzles. As tin is the 37 

element most responsible for the wear of materials in contact with solder, the increase in tin content has increased the wear of 38 

nozzles as well as other components [4–6]. This can be observed in tin-iron phase diagrams wherein the increased tin content 39 

allows for more iron to be dissolved into the alloy [7–9]. Dewetting can occur in all nozzles; this issue is not new but by tackling 40 

the challenge of the nozzle wear, dewetting can also be addressed.  41 

 42 

Current understanding of the wear of solder nozzles 43 

The current soldering literature interchangeably utilizes the terms erosion and corrosion to describe the wear of nozzles and 44 

other parts exposed to solder. Though these terms are correct in a sense, they both describe long term wear processes wherein 45 

material is removed from the surface of a part, but the fundamentals of these wear mechanisms are different. Tribology is the 46 

science and technology of interacting surfaces in relative motion and of related subjects and practices [10]. Tribology is 47 

otherwise known as, the study of friction, wear and lubrication. In relation to this study, we are focusing on the wear of selective 48 

solder nozzles and providing insight into its fundamental mechanisms.  49 

 50 

In tribological terms, erosion is the removal of material due to the impingement of liquid or solid particles on a solid surface. 51 

Liquid damage is generally due to the formation of momentary stresses in the material that can lead to cracking [10,11]. 52 

Particulates such as sand can cause damage to valves, pumps and pipework [12]. A material’s erosion rate is dependent on its 53 
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relative brittleness/ductility in addition to the velocity and angularity of the erodent material [13]. Corrosion, however, occurs 54 

as the result of surface chemical interactions resulting in the removal of material. An example is the formation of an oxide layer 55 

on a material which can be subsequently removed and reformed [10,11]. Erosion and corrosion can act synergistically in a 56 

process called tribo-corrosion [14]. This will generally lead to an increased wear rate over any of the two processes alone [14].  57 

 58 

Wettability 59 

Wettability refers to the interaction of a liquid with a solid. This can refer to the spreading of a liquid over a surface, the 60 

penetration of a liquid into porous materials or the displacement of one liquid by another [15]. Understanding the solid/liquid 61 

interface is key in a number of fields such as catalysis, crystal growth, lubrication, electrochemistry and colloidal systems [15]. 62 

 63 

Surface energy is defined as the work required to build a unit of area of a given surface. Using the sessile drop technique 64 

(described below), the measured surface energy depends not only on the solid samples but also on the properties of the applied 65 

liquid and surrounding gas [15]. High surface energy materials include metals and inorganic compounds (e.g. oxides, silicates, 66 

nitrides and diamond).  67 

 68 

Quantifying a liquid’s surface wetting characteristics is normally done by measuring the contact angle of a drop of liquid placed 69 

on the surface of an object. This is referred to as the sessile drop method and a goniometer is a piece of equipment used to 70 

measure this contact angle. Liquids are said to wet surfaces when the contact angle is less than 90° [15]. This methodology can 71 

be employed to measure the wettability of solder. However, it requires a goniometer capable of heating the solder to the 72 

operational temperatures of the soldering process and an inert chamber to ensure that no oxide film is present that could affect 73 

the surface tension of the solder.  74 

 75 

Various methods exist for assessing solderability, these being the wetting balance technique (assessing the wetting force and 76 

time with a sensitive balance) [16], solder spread [17] and contact angle analysis [18]. 77 

 78 

Current nozzle technology 79 

Current nozzle technology has only seen token advancements in the materials employed for wettable nozzles. The paradigm 80 

for wettable nozzle technology is a ferrous alloy with electroplated coatings. The electroplated coatings mainly serve to protect 81 

the nozzle from general corrosion while also providing some initial benefit to the wetting between the solder and the nozzle. 82 

The lifetime of thin coatings on nozzles will be discussed later in this paper.  83 

 84 

In general, there are two types of nozzle: the wetted nozzle and the non-wetted nozzle. A wetted nozzle is shown in Figure 1, 85 

in which the solder flows all around the tip of the nozzle. For this nozzle, the contact angle would be less than 90°. This design 86 

allows for both dip and draw steps wherein the wetting of the solder around the nozzle, along with variations in the pump speed, 87 

facilitates control during the soldering process  88 

 89 

 90 
Figure 1. An example of a wetted nozzle. 91 

Figure 2 shows a nozzle that is not wetted by the solder. In this case, the solder forms a single lateral stream to a side of the 92 

nozzle, and controlled soldering processes would not be able to be performed as would be possible in with the nozzle in Figure 93 

1.  94 



 95 
Figure 2. An example of non-wetting nozzle.  96 

Designed non-wetting is available for custom dip “nozzles” as shown in Figure 3.The shape of these nozzles are tailored to the 97 

layout of pins to be soldered and to direct the solder pooling within the cut-out. The nozzles would be raised to deposit solder 98 

to the pins on the underside of the printed circuit board.   99 

 100 

 101 
Figure 3. Dedicated multi-dip nozzle set up.  102 

 103 

The innovations discussed within this paper will focus on the wetted nozzle, the establishment of a wear measurement 104 

methodology for the wetted nozzles and insights into the wear mechanism of nozzles determined from the results generated 105 

herein. The motivation for this work is to develop a new nozzle with improved soldering performance and increased lifetime. 106 

Revenue lost due to unplanned downtime and maintenance can be significant. An idea of the scale can be quantified with a 107 

model of an 8-hour shift with 1 hour given up to maintenance per day for a typical 5 day work week. In this model, we will 108 

assume 60 printed circuit boards are produced per hour with a cost of £100 per PCB. If the manufacturing process is run for 50 109 

weeks a year, that would result in a revenue loss of £1,500,000. If the nozzle would no longer need to be rewetted during each 110 

of these shifts, £500,000 could be saved. This could be further increased with longer life nozzles that would not need to be 111 

replaced as often.  112 

 113 

Figure 4 shows the steps and methodologies employed in this project that will be detailed in this paper.  114 

 115 

 116 



 117 

 118 
Figure 4. Map of the steps and methodologies used in the development of new selective solder nozzles.  119 

 120 

Methods and Materials 121 
 122 

Determining material compatibility 123 

Before any lifetime tests can occur, any potential material should first be tested for compatibility with the solder and to ensure 124 

that a wetting reaction can occur. A quick method for determining whether a material can initially be wetted by solder is by 125 

dipping it into a solder bath. The material should first be cleaned with a flux, in this instance a water-based flux was used. 126 

Following this, the nozzle is then dipped into molten solder and held for 10-15 seconds to allow the metal nozzle to heat up 127 

and for the wetting to initiate. If the material can wet, it will have a thin film of solder that will evenly coat the surface. For a 128 

non-wetting nozzle, it is common to observe dewetting patterns which generally appear as fractal or dendritic structures [19,20]. 129 

 130 

Preparation of coatings  131 

Currently, most nozzles are electroplated with wettable metal coatings. These coatings provide numerous benefits, the first of 132 

which is facilitating the initial wetting of the solder to the nozzle. This forms a radial wave of solder at the tip of the nozzle. 133 

 134 

Coatings were prepared on selective solder nozzles to test their effectiveness at extending the lifetime of the nozzles. Nickel 135 

and tin coatings were investigated primarily, however TiN was also coated in a multi-layer structure of Ti/TiN/Sn. Testing was 136 

performed with the aim of creating a wettable nozzle with a non-wearing base material. Coating with thin layers (to facilitate 137 

other applied coatings) and then coating with a material that has a longer lifetime on exposure to solder (such as precious metals 138 

[21]) was tried, as it was theorized that a nozzle could thus be created with a longer lifetime than current nozzles. 139 

 140 

Physical vapor deposition (PVD)2 was utilized to deposit coatings on titanium nozzles. As titanium is considered extremely 141 

difficult to electroplate, this coating methodology was used for its ability to coat a wide variety of materials. PVD coatings 142 

were prepared using a magnetron sputtering equipped deposition system.  143 

 144 

For ferrous substrates, electroplating was used to deposit nickel onto the angled surface of the nozzles. A Woods strike and 145 

subsequent Watts bath [22] was used to deposit nickel onto the surface of the nozzles.  146 

 147 

Precious metal coatings (for copper nozzles) were deposited by electroplating shops. The following structures were deposited 148 

for each of the coatings: 149 

 Platinum: 5 µm of intermediate nickel, gold flash and 1 µm of platinum. 150 

 Rhodium: 5 µm of intermediate nickel, gold flash and 1 µm of rhodium. 151 

 Ruthenium: 5 µm of intermediate nickel, gold flash and 1 µm of ruthenium. 152 

 Palladium: 2 µm of nickel and 2 µm of palladium. 153 

 154 

                                                           

 
2 PVD is an atomistic vaporization technique in which material is vaporized from a solid or liquid source through a vacuum or 

low pressure/plasma environment, after which it condenses on a substrate, thus forming a coating. Coating thickness varies 

however a few nanometers to several microns is common. A multitude of methods exist by which to apply PVD coatings 

including vacuum evaporation, sputter deposition and ion plating [44,45]. 



The thickness measurements stated are nominal and determined by the electroplaters. Copper nozzles were chosen as copper 155 

is known to readily dissolve into solder, therefore making it simple to determine the potential improvement of any precious 156 

metal coatings; any additional lifetime before the nozzle dissolves can be taken as an improvement attributed to the precious 157 

metal coatings.  158 

 159 

A scanning electron microscope (Field Emission Scanning Electron Microscope) was used to inspect prepared cross sections 160 

to measure the coating thickness. Figure 5 shows a cross-section of a platinum electrodeposited coating on copper.   161 

 162 

 163 
Figure 5. Scanning electron micrograph of cross-section of platinum electroplated coating on copper. The resin on the 164 

left of the image is used to set the metal for imaging with the electron microscope. 165 

 166 

Measuring Nozzle Wear 167 

Static nozzle testing was performed to investigate the wear of the nozzles without solder flow through the nozzles. Nozzles 168 

were suspended in a bath of SAC305. The solder temperature was 290°C, making it typical for a selective soldering process. 169 

In one case, the nozzle did not have flux applied to it, and in the other, flux was applied every 24 hours. The nozzle was weighed 170 

before being immersed in solder. At each weighing interval, the mass was measured and compared to the initial mass for a 171 

percentage change to normalize the results. This is to allow comparison between different nozzles.  172 

 173 

For the case of flowing solder testing, the same measurement procedure was used (i.e. comparing the percentage difference in 174 

mass), but mass measurements were taken on a daily basis. Flux was applied to the nozzle when required to achieve wetting 175 

when reinstalling the nozzle into the machine. Dross was scraped from the surface of the bath once per day, at the same time 176 

as nozzle mass measurements. A more thorough bath clean was performed once per week to clean the impeller chamber. All 177 

nozzles were offset to 0% mass at the beginning to eliminate any inconsistencies due to early mass gain from solder adhesion.  178 

 179 

The copper nozzles and precious metals were tested by time to failure instead of mass loss due to the shorter operational time. 180 

The nozzles were observed in their flowing state and tests were stopped once the nozzle had dissolved into the solder.   181 

 182 

The results are an average of at least 3 nozzles tested in each case.  183 

 184 

Surface Modification methodologies 185 

In addition to the coating methods employed for the nozzles there are other surface engineering methods that can be used to 186 

modify the nozzles. Surface engineering is the application of both traditional and innovative surface technologies with the goal 187 



of producing a composite material with properties unattainable with bulk materials alone [10]. These changes can improve the 188 

appearance, protect from environmental damage and enhance the performance of the surface [23].  189 

 190 

Nitriding is a ferritic thermochemical method of diffusing nascent nitrogen into the surface of steels and cast irons. The 191 

solubility of nitrogen in the various alloys controls the diffusion process. This process is not a new one, having been developed 192 

in the early 1900s and used in the manufacture of aircraft, bearings, automotive components, textile machinery and turbine 193 

generation systems [24,25]. Typically, a nitriding process would involve placing a part into a low pressure chamber in which 194 

the atmosphere is vented. The part is then heated to around 520°C and kept in a nitrogen containing atmosphere for 24-48 hours. 195 

Sályi et al. [26] showed that nitriding steels both extended the lifetime and improved the wettability.  196 

 197 

High temperature contact angle analysis 198 

High temperature contact angle analysis was performed using a modified contact angle goniometer. The equipment features an 199 

inertion chamber and ceramic needle dosing system. Plate samples are cleaned with a water-based flux before testing. Once 200 

the samples were heated to 290°C (to mimic selective soldering conditions) in the inert atmosphere, molten solder was applied 201 

to the surface. The water-based flux was then applied to the interface between the solder droplet and the plate to ensure that no 202 

oxides would be present so that solder could spread unimpeded.  203 

 204 

Prototype testing 205 

Before any new innovation is deployed industry wide, prototype testing is essential. Due to the many types of solders, fluxes 206 

and process conditions utilized within selective soldering, any change in the materials must be compatible. Multiple different 207 

types of selective soldering nozzles are routinely used depending upon their process requirements.   208 

 209 

Companies performing testing were polled for their soldering process information and asked to report on the daily operation of 210 

the nozzles. Of particular interest is the amount of rewetting required and other cleaning methods used (i.e abrasive). Operators 211 

were briefed on the use of new nozzles and asked to compare them to the current nozzle technology.   212 

 213 

Results 214 
 215 

Material compatibility 216 

It was presumed that a wettable coating could be deposited to achieve standard nozzle function with minimal wear rate. 217 

However, subsequent testing showed that the dissolution rate of wettable materials (especially thin coatings) is extremely fast. 218 

Grade 2 titanium was chosen as the base material. Nickel coatings on titanium had a thickness of approximately 1.2 µm 219 

(measured with a cross-section methodology as above). Under solder flow conditions, the coating had a lifetime of 150 seconds. 220 

This was determined from the start of solder flow to when the nozzle lost wettability due to the dissolution of the wetted coating. 221 

The titanium base material was non-wetting. The multilayer TiN coating also lost wettability within 120 seconds as the tin 222 

layer melted into the solder bath and the ceramic (TiN) layer was found to be completely non-wetting.  223 

 224 

Static bath 225 

Figure 6 shows the mass difference in nozzles suspended in a static bath. Fluxed and non-fluxed nozzles both showed mass 226 

gain due to adhesion (wetting) of the solder to the nozzle. The fluxed nozzle, however, showed a consistent increased mass 227 

gain in each measurement step over the non-fluxed nozzle. The largest difference is at 672 hours where the fluxed nozzle had 228 

a mass difference of approximately 8.2% versus 2.5% for the non-fluxed nozzle.  229 



 230 

 231 

 232 
Figure 6. Normalized mass readings for nozzles suspended in a solder bath for static testing. 233 

 234 

 235 

Standard nozzle wear results 236 

Figure 7 shows the normalized mass loss results of the current standard nozzle under flowing solder conditions. Testing for 237 

long time periods can reduce errors due to excess solder adhering to the nozzle;. However, efforts were also taken to remove 238 

solder by mechanical cleaning (wiping off solder or tapping the nozzle against the side of the bath). Initially, measurements 239 

were taken at more regular intervals (8 hours). However, the testing found that once in a 24 hour period is sufficient to capture 240 

the mass loss without also measuring variations due to adhesion of the solder to the nozzle. 241 

 242 

The line at -17% mass loss represents the loss of function of the nozzle due to geometric modifications in the wear process. 243 

This has been determined by long term testing of nozzles and checking their suitability for soldering.  244 



 245 
Figure 7. Normalized mass loss results for a standard pure iron nozzle. Results are averaged over 4 nozzles. 246 

Figure 8 shows the result of a nozzle towards the end of its usable lifetime (nearing 17% of total mass loss). Nozzles will 247 

generally have a radius at their top edge. However, Figure 8 clearly shows a sharpening of the end radius due to the removal 248 

of material.  249 

 250 

 251 
Figure 8. A worn nozzle after approximately 200 hours of testing.  252 

Figure 9 shows the time to failure of copper nozzles and copper nozzles with electrodeposited coatings. The right-hand axis 253 

shows the percentage improvement compared to the copper nozzle alone. The higher percentage improvement was observed 254 

with platinum coatings with a time to failure of 217 ± 8 mins (38% improvement) compared to 157 ± 42 mins for copper.  255 



 256 
Figure 9. Time to failure results and percentage improvement of precious metal coatings on nozzles.   257 

Potential lifetime improvement 258 

Lab based testing has shown that the current standard selective soldering nozzle for this research has a lifetime of approximately 259 

200 hours. This equates to 5 weeks of use for shifts of 8 hours per day for 5 days each week. This has been corroborated with 260 

data collected from customer surveys.  261 

 262 

Figure 10 shows the effect of increasing the lifetime compared to the current nozzle. With each step in increasing the 263 

performance, the negative gradient becomes shallower, thereby increasing the time to reach the point of nozzle failure (-17% 264 

mass loss).   265 

 266 

The percentage improvements shown in the figure are based on materials currently under assessment. As with Figure 7, the 267 

materials under consideration had their mass measured once every 24 hours.   268 



 269 
Figure 10. Graph of linear fitting of standard nozzles compared to projected increased lifetime of improved nozzles.  270 

Table 1 shows the approximate lifetime of each of the results presented in Figure 10 (time to reach -17% mass loss).  271 

 272 

Table 1. Approximate lifetimes of the current standard nozzle and materials with significantly improved lifetime. The 273 

equivalent lifetime for continuous running in days is shown in the right-hand column.  274 

Material Approximate lifetime (Hours) Approximate lifetime (Days) 

Standard nozzle 213 8.9 

200% improved material 426 17.8 

300% improved material 639 26.6 

500% improved material 1065 44.4 

1500% improved material 3195 133 

 275 

High temperature wettability assessment 276 

 277 

Figure 11 shows a comparison of the contact angles of the new nozzle base material (a) and the current base, i.e. pure iron (b). 278 

The new material displays a greater spreading and a lower contact angle of 32° on the left and 24.7° on the right.  279 



 280 
Figure 11. Comparison of the contact angles of (a) new nozzle base material and (b) the current pure iron base material. 281 

 282 

Ideal alloy composition 283 

Testing of numerous pure metals and alloys has allowed us to subsequently choose materials that have an optimal composition 284 

to balance the wetting of the solder and lifetime exposed to flowing solder.  285 

 286 

Refractory metals such as tungsten will not wet to solder. Therefore alloys containing this element (such as M2 tool steel) 287 

display poor wetting characteristics. Titanium is well known to be solder resistant, but this may be primarily due to its thick 288 

oxide layer growth [27,28]. This oxide is supposed to function by inhibiting the interaction between the metal and the solder 289 

in addition to changing the surface energy. Furthermore, Morris et al. [7] reported that, at wave soldering temperatures (265°C), 290 

an extremely small amount of titanium will be dissolved into the bath but this increases with temperature according to the phase 291 

diagram of titanium and tin. In addition, chromium is detrimental to wetting (as found in stainless steel) as the chromium oxide 292 

layer will prevent interaction with the iron in the alloy.  293 

 294 

Insights from Prototype testing 295 

Prototype testing partners have delivered results showing that the chosen alloys perform well under full process conditions. It 296 

was theorized that the additional complications of changing the pump speed, movement of the bath and exposure to board 297 

cleaning fluxes may have a deleterious effect on nozzle lifetime. Overall, nozzles have been observed to last approximately as 298 

long under true process conditions as in idealized testing. Dewetting events were infrequent (approximately once per shift if at 299 

all) and wetting was quickly able to be regained with flux application. Operators found the new nozzles as easy to work with 300 

as the current nozzles.  301 

 302 

 303 

Discussion 304 
Nozzle wear testing 305 

Previous works have focused on the use of static test set ups to measure the wear of the materials caused by exposure to solder 306 

[6,21,29]. These methods are based on exposing a section of material to solder in a static bath. This method will determine the 307 

basic interaction (dissolution) between solder and a material. However, it doesn’t accurately represent the selective soldering 308 

process. Wetting in a dynamic nozzle scenario is not accounted for, nor is flow velocity of solder over the wetted material. 309 

Figure 6 supports this as only mass gain was observed for these nozzles. Wetting and adhesion were observed over the extended 310 

immersion time but with minimal wear. 311 

 312 

Figure 7 shows that for a flowing solder system and the use of regular measurement intervals and a sensitive balance, the 313 

relative mass loss can be recorded, allowing for better comparison between different materials. For this work, it was determined 314 

that this method is more suitable as it closely mimics the conditions of the soldering process. There are some caveats in that 315 

the solder bath is static (unlike a true soldering process), no pins are being soldered and the nozzle is not exposed to any flux 316 

that is used to clean circuit boards. All these things may affect the lifetime of the nozzle. However, the benchmark results 317 

created in idealized laboratory conditions have been supported by surveys of current nozzle performance and in prototype 318 

testing reports of new nozzles.  319 

 320 

Insights into the wear mechanism of selective solder nozzles 321 

In most of the soldering literature, the wear mechanism is discussed in terms of erosion. This is the case for the IPC J-STD-322 

002E [30] and for the BSI test method for wear (referred to as erosion) of wave soldering equipment [31–33]. Wave soldering 323 



apparatus does not need to be wetted by solder to continue functioning, although there will still be some wear present. This 324 

suggests that despite the lack of wetting interaction, there is still a mechanical component to wear caused by the moving solder.  325 

 326 

Furthermore, materials known to have good wettability are also known to dissolve into solder. The precious metals shown in 327 

Figure 9 are known to have good wettability [16] but also dissolve into solder relatively quickly [21]. This provides evidence 328 

of the link between wetting and corrosion (chemical interaction with the liquid solder). Wetting for soldering systems is 329 

regarded as a reactive model wherein a new phase is formed during the process [34,35]. This wetting reaction is complicated, 330 

involving the interplay of fluid flow, heat and mass transport, capillary interactions, and phase formations [34,35]. Figure 11 331 

shows that the wetting for the new materials is greater than for pure iron (lower contact angle). However, as Figure 10 shows, 332 

the wear rate is lower. 333 

 334 

Intermetallic formation is sometimes regarded as detrimental to solder joints, but is, in fact, a fundamental part of their 335 

formation [36–39]. They are a part of the wetting process, making their formation on the nozzle surface. As they are brittle, 336 

however, they are more susceptible to cracking [36–39], but the diffusion of the various elements into each other can also cause 337 

Kirkendall voids that may exacerbate this issue [38,40]. 338 

 339 

As temperature is noted to be a contributing factor to the wear of wetted materials [5], this would suggest a substantial corrosive 340 

component as temperature controls chemical reactions. The wetting reaction requires a minimum temperature to create adhesion 341 

between the liquid and solid. Mechanical wear is also affected by temperature, but generally to a lesser degree within the 342 

temperatures considered in this work [41,42]. Furthermore, the impacts of particulates in erosion would generally cause a 343 

greater amount of wear than would be observed by removing the oxide layer as oxides are generally in the scale of nanometers 344 

[43]. This oxide layer providing protection also suggests a corrosive wear component as it will prevent reactions between a 345 

corrosive fluid and the surface[14]. The removal of this oxide layer (by either abrasive cleaning or flux) allows for wetting to 346 

occur, which, with the addition of flowing solder, leads to more severe wear. Figure 6 shows that without the flow of solder 347 

(Figure 7), we just measure wetting (adhesion) of the solder to a nozzle.  348 

 349 

Due to the compositions of the new alloys under consideration (Figure 10 and  Table 1), the surface interactions between the 350 

metal and solder may be different, thereby causing a reduced corrosive wear component. Additionally, all alloys under 351 

consideration have higher hardness, thereby making them more mechanically wear resistant [10,11]. 352 

 353 

Conclusions 354 
In conclusion, this paper presents the methodologies used to test the compatibility of materials for selective soldering nozzles 355 

as well as quantitatively measuring their mass loss in an equivalent in-situ test mimicking real operating conditions. Ongoing 356 

prototype testing corroborates the lab data in terms of lifetime with few dewetting events noted. Evidence has been presented 357 

to link the wear of nozzles to the dewetting of materials and to show that the wear process is a complex synergistic corrosion-358 

erosion process. s 359 

 360 

Due to the commercial nature of the work and the patent currently pending, more details of the materials discussed herein 361 

cannot yet be revealed. The fundamental interactions between flowing solder, wettable materials and the wear process is 362 

currently being investigated by a PhD project linked to this project. Findings from this project will be published later to expand 363 

upon the initial work presented here.  364 

 365 

Acknowledgements 366 
The authors would like to acknowledge the support of Innovate UK for their funding of the Knowledge Transfer Project 367 

(partnership number 12089) that initiated this work. The authors would also like to thank Dr Liang Wu for his contributions to 368 

the project, Norbert Heil of Dataphysics for his work in measuring the solder contact angles and Colin Drain and Matthew 369 

Stephenson of Pillarhouse International for their help and advice in running the solder tests. Finally, the authors extend their 370 

thanks to Robert Carpmael of Marks & Clerk for his care in proofreading this text.  371 

 372 

References 373 
[1] T.R. Bieler, T.K. Lee, Lead-Free Solder, Reference Module in Materials Science and Materials Engineering. (2017) 1–374 

12. https://doi.org/10.1016/b978-0-12-803581-8.09205-5. 375 

[2] S. Cheng, C.M. Huang, M. Pecht, A review of lead-free solders for electronics applications, Microelectronics 376 

Reliability. 75 (2017) 77–95. https://doi.org/10.1016/j.microrel.2017.06.016. 377 

[3] E.E.M. Noor, N.F.M. Nasir, S.R.A. Idris, A review: Lead free solder and its wettability properties, Soldering and 378 

Surface Mount Technology. 28 (2016) 125–132. https://doi.org/10.1108/SSMT-08-2015-0022. 379 

[4] N. Hiroshi, S. Kang, T. Tadashi, Erosion Behavior and Interfacial Reaction of Stainless Steels in Molten Lead-free 380 

Solder †, 2009. 381 

[5] ALPHA, Reference Bulletin Lead-Free Alloys : Stainless Steel Erosion Stainless Steel Erosion, (2005) 3. 382 



[6] T. Takemoto, T. Uetani, M. Yamazaki, Dissolution rates of iron plating on soldering iron tips in molten lead-free 383 

solders, Soldering and Surface Mount Technology. 16 (2004) 9–15. https://doi.org/10.1108/09540910410562473. 384 

[7] J. Morris, M.J. O’Keefe, M. Perez, Liquid tin corrosion and lead free wave soldering, IPC - IPC Printed Circuits Expo, 385 

APEX and the Designers Summit 2007. 3 (2007) 1603–1611. 386 

[8] T.B. Massalski, H. Okamoto, P.R. Subramanian, L. Kacprzak, Binary Alloy Phase Diagrams Volume 1, American 387 

Society for Metals, 1986. 388 

[9] T.B. Massalski, H. Okamoto, P.R. Subramanian, L. Kacprzak, Binary Alloy Phase Diagrams Volume 2, ASM 389 

International, 1986. 390 

[10] J. Williams, Engineering tribology, Cambridge University Press, Cambridge, 2005. 391 

https://doi.org/10.1017/CBO9780511805905. 392 

[11] D. Arnell, Mechanisms and laws of friction and wear, in: Tribology and Dynamics of Engine and Powertrain: 393 

Fundamentals, Applications and Future Trends, Elsevier Ltd., 2010: pp. 41–72. 394 

https://doi.org/10.1533/9781845699932.1.41. 395 

[12] R.J.K. Wood, The sand erosion performance of coatings, Mater Des. 20 (1999) 179–191. 396 

https://doi.org/10.1016/S0261-3069(99)00024-2. 397 

[13] I.M. Hutchings, Ductile-brittle transitions and wear maps for the erosion and abrasion of brittle materials, J Phys D 398 

Appl Phys. 25 (1992) A212–A221. https://doi.org/10.1088/0022-3727/25/1A/033. 399 

[14] R.J.K. Wood, Tribo-corrosion of coatings: A review, J Phys D Appl Phys. 40 (2007) 5502–5521. 400 

https://doi.org/10.1088/0022-3727/40/18/S10. 401 

[15] S.J. Park, M.K. Seo, Solid-Liquid Interface, 2011. https://doi.org/10.1016/B978-0-12-375049-5.00003-7. 402 

[16] GEN3 Systems, Solderability Test System for Electronic Circuit Boards and Components, 2009. 403 

[17] G. Humpston, D.M. Jacobson, Solder spread: A criterion for evaluation of soldering, Gold Bull. 23 (1990) 83–96. 404 

https://doi.org/10.1007/BF03214712. 405 

[18] N.B. Duong, T. Ariga, L.B. Hussain, A.B. Ismail, Wettability of lead-free solders on gold-plated copper substrates, 406 

Mater Trans. 49 (2008) 1462–1466. https://doi.org/10.2320/matertrans.MRA2007209. 407 

[19] F. Leroy, Borowik, F. Cheynis, Y. Almadori, S. Curiotto, M. Trautmann, J.C. Barbé, P. Müller, How to control solid 408 

state dewetting: A short review, Surf Sci Rep. 71 (2016) 391–409. https://doi.org/10.1016/j.surfrep.2016.03.002. 409 

[20] C. v. Thompson, Solid-state dewetting of thin films, Annu Rev Mater Res. 42 (2012) 399–434. 410 

https://doi.org/10.1146/annurev-matsci-070511-155048. 411 

[21] D. Hillman, R. Wilcoxon, T. Pearson, P. Mckenna, R. Collins, Dissolution Rate of Specific Elements in Sac305 Solder, 412 

SMTA Proceedings. (2018). 413 

[22] Nickel Institute, Nickel Plating Handbook, 2014. 414 

[23] T.C. Huang, J.M. Yeh, C.Y. Lai, Polymer nanocomposite coatings, in: Advances in Polymer Nanocomposites: Types 415 

and Applications, Elsevier Inc., 2012: pp. 605–638. https://doi.org/10.1533/9780857096241.3.605. 416 

[24] A. International, An Introduction to Nitriding, in: Practical Nitriding and Ferritic Nitrocarburizing, 2003: pp. 1–13. 417 

[25] ASM Handbook, ASM Handbook, Volume 4A, Introduction to Surface Hardening of Steels, in: Steel Heat Treating 418 

Fundamentals and Processes, 2013: pp. 390–398. 419 

[26] Z. Sályi, Z. Veres, P. Baumli, M. Benke, Development of Nitrided Selective Wave Soldering Tool with Enhanced 420 

Lifetime for the Automotive Industry, in: Lecture Notes in Mechanical Engineering, 2017: pp. 187–195. 421 

https://doi.org/10.1007/978-3-319-51189-4_18. 422 

[27] K. Schmut, B. Gollas, J. Besenhard, G. Nauer, H. Kronberger, G. Fafilek, J. Etzkorn, R. Herber, Electroplating on 423 

Titanium, Science and Technology. (2007) 1123–1124. 424 

[28] P. Kofstad, High-temperature oxidation of titanium, Journal of The Less-Common Metals. 12 (1967) 449–464. 425 

https://doi.org/10.1016/0022-5088(67)90017-3. 426 

[29] J. Watanabe, N. Sekimori, K. Hatsuzawa, T. Uetani, I. Shohji, Study on erosion resistance characteristics of Fe-427 

MWCNT composite plating with respect to lead-free solder, in: J Phys Conf Ser, Institute of Physics Publishing, 2012. 428 

https://doi.org/10.1088/1742-6596/379/1/012025. 429 

[30] IPC, IPC/ECA J-STD-002E, Solderability Tests for Component Leads, Terminations, Lugs, Terminal and Wires, Ipc. 430 

(2017) 5. 431 

[31] BSI, BSI Standards Publication Test method for erosion of wave soldering equipment by using molten lead free solder 432 

alloy Part 1: Erosion test method for metal materials without surface processing, (2013). 433 

[32] BSI, BSI Standards Publication Test method for erosion of wave soldering equipment using molten lead- free solder 434 

alloy Part 3: Selection guidance of erosion test, (2017). 435 

[33] BSI, BSI Standards Publication Test method for erosion of wave soldering equipment using molten lead- free solder 436 

alloy Part 2: Erosion test method for metal materials with surface processing, (2017). 437 

[34] N. Eustathopoulus, M.G. Nicolas, B. Drevet, Wettability at High Temperatures, Pergamon, 1999. 438 

https://doi.org/10.1016/s1470-1804(99)80014-5. 439 

[35] W. Villanueva, W.J. Boettinger, G.B. McFadden, J.A. Warren, A diffuse-interface model of reactive wetting with 440 

intermetallic formation, Acta Mater. 60 (2012) 3799–3814. https://doi.org/10.1016/j.actamat.2012.03.047. 441 



[36] B.E. Hare, D. Ph, Intermetallics in Solder Joints, 2013. 442 

[37] A. Olson, What are Intermetallics and How Can We Overcome the Failures Associated with Them?, STI Electronics. 443 

35758 (2009). 444 

[38] R.C. Lasky, Copper-Tin intermetallics: Their importance, growth rate, and nature, Proc SMTA Int. (2018). 445 

[39] T. Siewert, J. Madeni, S. Liu, Formation and growth of intermetallics at the interface between lead-free solders and 446 

copper substrates, Proceedings of the APEX …. (2003) 2–8. http://www.boulder.nist.gov/div853/Publication 447 

files/NIST_Apex94_Siewert.pdf. 448 

[40] H. Nakajima, The Discovery and Acceptance of the Kirkendall Effect, JOM. 49 (1997) 15–19. 449 

https://www.tms.org/pubs/journals/jom/9706/nakajima-9706.html (accessed December 14, 2021). 450 

[41] B.D. Beake, Elevated temperature nanomechanics of coatings for high - temperature applications : a review, Emergent 451 

Mater. (2021). https://doi.org/10.1007/s42247-021-00255-w. 452 

[42] B.D. Beake, A.J. Harris, Nanomechanics to 1000°C for high temperature mechanical properties of bulk materials and 453 

hard coatings, Vacuum. 159 (2019) 17–28. https://doi.org/10.1016/j.vacuum.2018.10.011. 454 

[43] B. Bhushan, Modern tribology handbook, CRC Press, 2001. 455 

https://books.google.co.uk/books?hl=en&lr=&id=h6X0NM7ME8IC&oi=fnd&pg=PP1&dq=modern+tribology+hand456 

book&ots=JCCwWibE2k&sig=hJV6GQS8QMxi_R-Mudh4mu260Yk#v=onepage&q=modern tribology 457 

handbook&f=false (accessed September 10, 2017). 458 

[44] D.M. Mattox, Handbook of Physical Vapor Deposition Processing, William Andrew, 2009. 459 

https://doi.org/10.1016/B978-0-8155-2037-5.00025-3. 460 

[45] H.O. Pierson, Handbook of Chemical Vapor Deposition, Noyes Publications, 1999. https://doi.org/10.1016/b978-0-461 

8155-1300-1.50009-x. 462 

  463 


	generic (2)
	McMaster.Samuel.2023_comments_corrected_FINAL (1)

