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ABSTRACT 
 
Molds, dies, and related tooling are used to shape many of the plastic and metal components we use every 
day at home and work. Traditional mold-making practices are labor and capital equipment intensive, 
involving multiple machining, benching and heat treatment operations.  
 
Spray forming is an alternative method to manufacture molds and dies. The general concept is to atomize 
and deposit droplets of a tooling alloy onto a pattern to form a thick deposit while imaging the pattern’s 
shape, surface texture and details. Unlike conventional machining, this approach can be used to fabricate 
tooling with micro-scale surface features. This paper describes a research effort to spray form molds and 
dies that are used to image micro-scale surface textures into polymers. The goal of the study is to replicate 
textures that give rise to superhydrophobic behavior by mimicking the surface structure of highly water 
repellent biological materials such as the lotus plant. Spray conditions leading to high transfer fidelity of 
features into the surface of molded polymers will be described. Improvement in water repellency of these 
materials was quantified by measuring the static contact angle of water droplets on flat and textured 
surfaces.  
 
INTRODUCTION 
 
The wetting behavior of a solid surface by a liquid in a surrounding gaseous medium depends on its 
contact angle, θ, which is a function of the interfacial tension between the solid-gas (γSG), solid-liquid 
(γSL), and liquid-gas (γLG) interfaces (Figure 1). The contact angle is given by Young’s equation, 
Cos θ = (γSG – γSL)/γLG  .  

 
 

Figure 1. Wetting of a solid depends on the contact angle, which is determined by the interfacial tension 
ratio of the materials as calculated from Young’s equation. Droplet static contact angle (θ), receding 
contact angle (θrec), advancing contact angle (θadv), and roll-off (α) angle are illustrated. 

A contact angle of 0° indicates complete wetting while a contact angle of 180° indicates complete 
nonwetting, Generally speaking, surfaces can be classified by the contact angle as hydrophilic (30° < θ < 
90°), hydrophobic (90° < θ < 150°), or superhydrophobic  (θ > 150°).1 Both the material and surface 
roughness influence the contact angle of water droplets.  
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In 1996, Onada et. al. published a pivotal article in Langmuir on water repellent fractal surfaces that 
initiated widespread R&D activities on superhydrophobicity.2 The following year, Barthlott and 
Neinhuis3,4 introduced the term “Lotus-effect” for the self-cleaning behavior of highly water repellent 
plant leaf surfaces. SEM analysis showed that the leaf epidermis of many highly water repellent plant 
species contain waxy bumps (papillae) ~10 μm wide, ~10 μm high and ~20 μm apart covered with finer-
scale waxy tubules or “hairs” (Figure 2). The combination of the hydrophobic nature of the waxy bumps, 
their geometry, and surface tension of water gives rise to a significant improvement in water repellency. 
Air trapped between the bumps also provides buoyancy. Since the net droplet/leaf contact area is only 
about 5%, water droplets on these leaves form nearly perfect spheres that easily roll off carrying with 
them foreign particles like dust, dirt and spores.    

 

Figure 2. Superhydrophobicity in the lotus leaf results from the superposition of nano-scale waxy tubules 
superimposed on micro-scale bumps. 

Recent reviews summarize the significant amount of research that has been performed to study and 
capitalize on this behavior.5,6 Most are biomimetic approaches that strive to mimic or copy the surface 
microstructure of superhydrophobic plant species including Nelumbo nucifera (lotus) and Colocasia 
esculenta (elephant ear). A variety of methods have been explored to fabricate artificial surfaces including 
subtractive processes such as: etching,7,8 phase separation of multi-component mixtures,9,10 and 
lithography;11,12 and additive process such as: crystal growth,13,14 plasma deposition15,16 and electro-
deposition.17,18 Most have emphasized texturing a water repellent polymer or coating the surface of some 
other textured material with a thin film of hydrophobic polymer. For example, Öner and McCarthy19 used 
photolithography to prepare silicon wafers with textured surfaces. These surfaces contained micron-scale 
posts of different shapes, sizes, and spacing.  They then applied a silanization reagent to hydrophobize the 
surfaces.  Under optimal conditions, water droplet contact angles in the range 160-170o could be obtained, 
similar to that of the lotus leaf.  

Lau et. al.20 have fabricated surfaces consisting of vertically aligned carbon nanotubes coated with 
polytetraflouroethylene (PTFE). The nanotubes had an average radius of 60 nm, with heights ranging 
from 0.2 to 1.1 μm, and a density of 10 per μm2. They were formed using plasma enhanced chemical 
vapor deposition and coated with PTFE by hot filament chemical vapor deposition. This surface resulted 
in advancing and receding contact angles of 170° and 160°, respectively. These results illustrate that both 
the surface roughness of the nanotube pillars and the low surface energy imparted by the PTFE coating 
were necessary to achieve a stable superhydrophobic surface.   

Surface texturing of metals has received far less attention. Electrodeposition and chemical etching are two 
methods to micro-/nano-texture metal surfaces. The surfaces are not superhydrophobic but can be made 
so by applying a hydrophobic coating. For example, Jiang et. al.21 electrodeposited gold nanoparticles 



Proceedings of the 2010 International Conference on Powder Metallurgy & Particulate Materials, June 27-30, 2010, Ft. Lauderdale, FL  

 

onto a self-assembled monolayer of a dendron thiol followed by a self-assembled monolayer of n-
dodecanethiol. This procedure resulted in a contact angle of 155º and a roll-off angle of < 2 º. Wet 
chemical etching of 2024 Al with NaOH by Guo et. al.22 provided a micro-textured surface which became 
superhydrophobic when coated with perfluorononane and perfluoropolyether.  
 
Unfortunately, it is difficult to precisely control the surface texture of metal surfaces with these methods, 
and therefore, custom textures are currently not possible. It is particularly desirable to develop 
technologies that can fabricate metal molds and dies with the negative (image) of these nano- and micro-
scale surface features. This would allow complex-shaped components to be fabricated with custom 
surface textures at high volume using conventional manufacturing processes such as plastic injection 
molding, stamping, and forging. This paper reports on the application of a spray forming method, Rapid 
Solidification Process (RSP) Tooling, to manufacture tool surfaces with micro-scale textures. In this 
approach, molten metal is atomized by contacting a high velocity gas jet. The resultant droplets are 
rapidly cooled by convection heat transfer and are deposited onto a (positive) tool pattern to form 
(negative) core and cavity tooling inserts.23 By controlling the interplay of the thermo-physical states of 
the droplets and pattern, surface wetting by the droplets can proceed prior to the completion of 
solidification. Therefore, small-scale features can be imaged in the surface of the metal deposit.24  
 
EXPERIMENTAL 
 
A schematic of the RSP Tooling approach is shown in Fig. 3a. In this method an alloy is melted in a 
crucible purged with an inert gas, superheated, and injected into a high-velocity, high temperature gas 
stream. Aerodynamic forces overcome surface tension forces producing a distribution of droplet sizes that 
are entrained by the jet and deposited onto a tool pattern. After the droplets exit the atomizer, they are 
quenched by convection cooling (by entrained inert gas) at a rate of about 105 K/s. This high cooling rate 
transforms some liquid droplets into semisolid and solid particles that are deposited onto the pattern. 
Upon impact, the high velocity droplets deform and adopt the shape and surface texture of the pattern 
while forming a coherent solid. The metal deposit is cooled to room temperature and removed from the 
pattern. Figure 3b illustrates how this type of (nonequilibrium) solidification, unlike casting, can utilize 
low-melting-point patterns such as the low-density polyethylene sand toy shown. 
 
In the current study, two alloys were spray formed: tin and Zn-3Al-11Cu. Both were melted under a 
nitrogen atmosphere, superheated by about 100OC above the liquidus temperature and pressure-fed into a 
bench-scale linear converging/diverging atomizer designed and constructed in-house. The stagnation 
pressure of the atomizing gas at the inlet to the atomizer was 209 kPa absolute (30.3 psia) and the 
deposition rate was 3.9 kg/h using a gas-to-metal mass flow ratio of 10. The spray chamber was purged 
with nitrogen to prevent oxidation of the sprayed droplets.  
 
Cultivated leaves of  Nelumbo nucifera, Tropaeolum majus (nasturtium) and Colocasia esculenta were 
affixed to plexiglas plates using scotch tape (Fig. 3c) and manipulated in a spray until a deposit about 6 
mm thick was produced (Fig. 3d). The deposits were cooled to room temperature and submerged in hot 
water to facilitate removal of the leaves. The leaves were destroyed in the process.  
 
After rinsing in ethanol and acetone, the sprayed deposits were used to vacuum cast a silicone rubber 
compound (Rhodia V-340) and an epoxy casting resin (Freeman 925). An FTA 200 instrument25 
measured the static contact angle of 10 μl water droplets on flat and textured surfaces of these materials.  
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Figure 3. (a) Schematic of the RSP Tooling approach used to spray form molds and dies. (b) Tin deposit 
(left) and polyethylene pattern (right). (c)  Tool patterns of leaves of Nelumbo nucifera (left), Tropaeolum 
majus (center) and Colocasia esculenta (right) taped to plexiglas plates prior to spray deposition. (d) Tin 
deposit using the Colocasia esculenta leaf of (c).  
  
Metal overspray powder was collected from the spray chamber. Powder particle shape was assessed using 
scanning electron microscopy, and particle size distribution was evaluated using laser aerosol 
spectrometry (Microtrac Full Range Particle Analyzer with v.3.02 size analysis software). These data 
provided guidance for inputs to a 1-D computer code to evaluate the multiphase flow behavior inside the 
atomizer and free-jet regions.26 The code solves the steady-state gas flow field through an adaptive grid, 
conservative variables approach and treats the droplet phase in a Lagrangian manner with full 
aerodynamic and energetic coupling between the droplets and transport gas. The liquid metal injection 
system is coupled to the throat gas dynamics, and effects of heat transfer and wall friction were included. 
The code also includes a nonequilibrium solidification model, which permits droplet undercooling and 
recalescence. The code was used to map out the temperature, solid fraction and velocity profiles of the 
gas and metal droplets in the atomizer and free jet.  
 
RESULTS AND DISCUSSION 

Figure 4 contrasts the wetting behavior of a water droplet on leaves of Colocasia esculenta (Fig. 4a) and 
Epipremnum pinnatum (devil’s ivy, Fig. 4b). Both leaf surfaces are covered with a waxy material. The 
surface of Epipremnum pinnatum is relatively smooth and glossy. In contrast, the surface of Colocasia 
esculenta is matte and consists of a hierarchal structure of convex, wax-covered epidermal cells (papillae) 
covered with a dense layer of epicuticular waxy tubules, similar to the lotus plant.27 This results in 
distinctly different wetting behavior. Water droplets wet the surface of Epipremnum pinnatum to a greater 
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extent and have a larger roll-off angle (Wenzel wetting state27). The leaf surface of Colocasia esculenta is 
superhydrophobic (θ = ~160º) and exhibits Cassie-Baxter wetting behavior.28  

 
 

Figure 4. Illustration of the wetting behavior of water droplets on plant leaf surfaces. (a) Water droplet on 
a Colocasia esculenta leaf illustrating superhydrophobic behavior (Cassie-Baxter wetting). (b) Wenzel 
regime wetting of an Epipremnum pinnatum leaf.   
 
Figure 5 illustrates use of the RSP Tooling approach to transfer micro-scale features following the 
processing sequence: tool pattern (lotus leaf) → forming tool→ vacuum-molded polymer. Transfer 
fidelity of the micro-scale surface structure from the pattern (lotus leaf, Figs. 5a, 5b) to the sprayed 
deposit (Fig. 5c) and vacuum-molded epoxy (Fig. 5d) was very good. However, transfer fidelity of the 
submicron waxy tubular structures was marred, and appeared as nano-scale bumps (rather than tubules) 
superimposed on the micro-scale bumps. It is not clear at this time if this was due to processing 
limitations, or the need to modify processing conditions. Submicron structure on the surface of the tool 
and molded polymers suggest that the waxy tubules melted and coalesced before the spray could 
completely capture these features.  
 
Texturing the surface of an epoxy and silicone elastomer resulted in a notable improvement in water 
repellency for both materials. Figure 6 compares the shape of a water droplet on a flat epoxy surface and a 
lotus-textured epoxy surface. Table 1 summarizes static contact angle measurements of a dried lotus leaf 
as well as flat and lotus-textured polymer surfaces. In the case of the epoxy, the static contact angle of a 
water droplet increased from 50º (flat surface) to 136º (textured surface). Texturing the silicone elastomer 
increased the contact angle from 65º (flat surface) to 127º (textured surface). Images of droplet shapes in 
Figure 7 illustrate the decrease in surface wetting following lotus texturing. 
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Figure 5. (a) Leaves of Nelumbo nucifera. SEM photomicrographs of (b) lotus leaf surface, (c) tool 
surface, and (d) surface of molded polymer using tool of Fig. 5c.  
 
 

 
 
Figure 6. Water droplet profile on the surface of a commercial epoxy. (a) Flat surface. (b) Same material 
as (a) with a lotus-textured surface. 
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Table I: Static contact angle of water droplets on flat and lotus-textured surfaces. 

 

 
 
Figure 7. Water droplet profile on various surfaces. (a) Dried lotus leaf. (b) Flat epoxy surface. (c) Lotus-
textured epoxy surface. (d) Flat rubber surface. (e) Lotus-textured rubber surface. 
 
In this study, spray conditions that favored the formation of small, rapidly cooling atomized metal 
droplets, deposited at a low rate, were used due to the fragile nature of the patterns. These conditions 
minimized heat transfer to the pattern while allowing the droplets to image the surface structure and 
freeze before the waxy bumps were melted and destroyed. The deposited metal accurately captured 
surface details of the pattern whereas cast metal would have eroded the surface features of the pattern 
before the metal solidified. The low deposition rate, however, resulted in a deposit density of 6.48 g/cm3 
for Zn-3Al-11Cu and 7.08 g/cm3 for tin, measured by water displacement using Archimedes’ principle. 
These values correspond to 94% and 97% of theoretical density, respectively. Isolated pores were 
observed on both the molding surface and interior of the deposits. This is not unexpected and can be 
remedied using higher metal fluxes.22 Future experiments are planned with more robust tool patterns.  
 
SEM analysis of overspray powder revealed that nearly all particles were spherical. Representative plots 
of the particle size distributions for Zn-3Al-11Cu are given in Figure 8. The mass median diameter (dm), 
Sauter (area) mean diameter (dsm), volume mean diameter (dvm) and geometric standard deviation (σd = 
d84/d16)1/2 were 37 μm, 31 μm, 47 μm and 1.7, respectively, where d84 and d16 are particle diameters that 
correspond to the 84th and 16th percentiles on the cumulative mass distribution plot (Fig. 8b). For tin, the 

Material Static Contact Angle 
(flat surface) 

Static Contact Angle 
(with lotus texturing) 

Contact Angle 
Increase 

Dried lotus leaf  - 138º - 
Epoxy  50º 136º 86º 

RTV rubber  65º 127º 62º 
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corresponding droplet sizes using similar spray conditions were somewhat smaller: 22 μm, 18 μm, 45 μm 
and 2.4, respectively, due to the lower surface tension of tin.  
 

 

Figure 8. Particle size distributions for atomized Zn-3Al-11Cu. (a) Mass frequency plot. dm is the  mass 
median diameter, dsm is the Sauter (area) mean diameter, dvm is the volume mean diameter and σd = 
(d84/d16)1/2 is the geometric standard deviation. (b) Cumulative mass distribution plot.   

A 1-dimensional computer code modeled multi-phase flow behavior inside the atomizer and free jet 
regions following atomization of Zn-3Al-11Cu alloy. Nitrogen was used as the atomizing and 
entrainment gas. Inclusion of a nonequilibrium solidification model, which permitted droplet 
undercooling and recalescence, provided insight into the cooling rate of droplets in the spray as well as 
their thermo-physical state at impact. Sample results, summarized in Figure 9, map out the temperature 
profile, velocity profile and solid fraction of the gas and droplets (5 μm, 50 μm and 125 μm diameter) to 
about 0.8 m from the inlet. A static gas pressure of 179 kPa absolute (26.0 psia), measured at the 
atomizer’s inlet for gas preheated to a stagnation temperature of 873K, resulted in supersonic flow inside 
the atomizer with the shock front located near the nozzle’s throat. The maximum local Mach number was 
1.6.  
 
Small (5 μm) and large (125 μm) droplets behaved very differently in the flow field. For example, the 
small droplets rapidly accelerated in the flow field, reaching their maximum velocity of 164 m/s near the 
nozzle exit plane, followed by rapid deceleration as the free jet entrained ambient gas which created drag. 
In contrast, the large droplets were found to achieve their terminal velocity of 33 m/s further downstream, 
about 0.3 m from the atomizer inlet. Due to their greater momentum, this terminal velocity was 
maintained over a much greater flight distance. Small droplets cooled more rapidly due to their smaller 
mass-to-surface area ratio. During deposition, the droplets were in various stages of solidification with the 
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overall solid fraction estimated to be about 85%. Larger droplets contributed the bulk of the liquid 
fraction during deposition. 

 

Figure 9. Calculated  (a) velocity, (b) temperature, and (c) solid fraction of atomized Zn-3Al-11Cu. 

CONCLUSIONS 
 
A spray forming method, RSP Tooling, was used to manufacture metal tool surfaces with micro-scale 
textures. Tin and Zn-3Al-11Cu were melted, superheated, and injected into a converging/diverging nozzle 
transporting high-velocity, heated inert gas. After atomization, the droplets were rapidly cooled by 
convection heat transfer and propelled onto leaves of Nelumbo nucifera, Tropaeolum majus and 
Colocasia esculenta to form 6 mm thick deposits. Epoxy and a silicone elastomer samples were vacuum 
cast using the metal deposit of Nelumbo nucifera as a mold. Transfer fidelity of micro-scale surface 
structure of the plants to the molded polymers was very good. However, transfer fidelity of the sub-
micron epicuticular tubular structures was marred and appeared as nano-scale bumps superimposed on the 
micro-scale surface bumps. Water droplet contact angle measurements were conducted on flat and 
textured polymers. In the case of the epoxy, the static contact angle of a water droplet increased from 50º 
(flat surface) to 136º (textured surface). Texturing the silicone elastomer material increased the contact 
angle from 65º (flat surface) to 127º (textured surface).   
 
Collected overspray powder was size analyzed for both sprayed metals using laser aerosol spectrometry. 
The mass median diameter, area mean diameter, volume mean diameter and geometric standard deviation 
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(d84/d16)1/2 were 37 μm, 31 μm, 47 μm and 1.7, respectively for Zn-3Al-11Cu alloy. Smaller droplet sizes 
(22 μm, 18 μm, 45 μm and 2.4, respectively) were observed for tin under similar atomization conditions 
due to its lower surface tension. A computer code modeled the multiphase flow behavior of gas and 
droplets (5 μm, 50 μm, and 125 μm diameter) and mapped out their temperature, solid fraction, and 
velocity profiles inside the atomizer and free jet regions.  
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