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ABSTRACT 

In this study, epoxy-siloxane coatings were prepared and modified using various 

polysiloxane oil additives with the goal of developing an ice releasing epoxy-siloxane coating. 

Contact angle, surface energy, and ice adhesion tests were conducted to study the effect each oil 

additive had on the surface properties of the coatings. Additionally, antifouling and fouling 

release properties were assessed using two micro-organisms, Cellulophaga lytica and Navicula 

incerta, and one macro-organism, Amphibalanus Amphitrite (barnacles). The goal of which was 

to compare the ice and fouling releasing properties of the coatings to see if any correlations could 

be made between the two. One of the coating formulations yielded lower ice adhesion and 

barnacle adhesion. The 5% PMDM-010s, coating with oil containing 8-12% 

phenylmethylsiloxane and 88-92% dimethylsiloxane, showed improved properties compared to 

the base coating and outperformed the other coating formulations that containing oils of different 

composition. 
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CHAPTER 1. INTRODUCTION 

Ice Accretion - Overview, Mechanism, and Mitigation Methods  

The accretion of ice on a surface that is exposed to freezing conditions affects a variety of 

infrastructure such as aircraft, power cables, wind/solar power, and ships.1-7 It occurs due to 

freezing precipitation or supercooled moisture in the air. Ice accretion, due to supercooled 

moisture in the air, often occurs on aircraft and can pose a serious risk to safety.2,3 Two main 

methods to mitigate ice accretion are anti-icing and deicing techniques. The term anti-icing refers 

to methods that attempt to prevent the accretion of ice. Whereas deicing refers to the removal of 

ice, either actively or passively utilizing ice releasing materials. Chemical anti-icing and deicing 

methods are commonly used on aircraft. When it is expected that an aircraft will encounter 

below freezing temperatures, a chemical deicer will be sprayed before each flight.8 Deicing 

chemicals are also often used after a flight in which an aircraft has accumulated ice. While this 

approach is effective, the chemicals used can negatively impact the environment.9-11 Trace 

amounts of the deicing and anti-icing chemicals have been found in the snow and runoff 

surrounding airports.11,13 Natural deicing chemicals are being developed to limit this undesirable 

impact on the environment.12  

Ice accretion is widely prevalent and can have serious consequences if steps are not taken 

to mitigate or remove it. Anti-icing coatings are not currently a dependable method to stop ice 

accretion. Because of this, costly and potentially harmful chemical substances are used to 

efficiently remove ice. Therefore, ice releasing surfaces are being researched to remove ice in a 

manner that is efficient, cost effective, and does not harm the environment.  
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Ice Accretion Processes - Conditions, Modeling, and Measurement Methods 

In order to design new materials and coatings that limit or prevent the accretion of ice, it 

is important to understand how and where this ice accretes. This process heavily depends on the 

object that the ice is forming on, and the conditions present. Ice accretion will occur much 

differently on an aircraft or wind turbine blade than solar panels or power cables.4,14-16 

Temperature is also a significant factor in the formation of ice, specifically the type of ice. When 

a droplet impacts an object, the ability of that droplet to dissipate heat determines how it freezes 

onto the surface. The two main types of ice accretion are rime icing and glaze icing.1,30-32 At 

lower temperatures, rime icing generally occurs. Due to the low temperature, a supercooled 

droplet instantly turns into ice upon impact with a surface.30 In contrast, glaze icing occurs at 

warmer temperatures.30 Upon impact, the water does not freeze instantly and is able to flow 

freely for a short time.30 Because of this, glaze and rime ice will have a different effect on the 

object the ice is accreting on.30-32 

Ice Accretion of Airfoils 

At low temperatures, supercooled droplets suspended in clouds can impact an aircraft, 

causing the droplets to freeze onto the aircraft.21 Depending on the temperature, size, and volume 

of the droplets, water can spread down the aircraft and begin accumulating at significant levels. 

Due to the complexity of ice accretion on aircraft, multiple variables need to be considered to 

accurately model it.22 Several studies have been conducted modeling the effects of ice accretion 

on aircraft and flight dynamics.5,21-24 Mingione et al. have simulated the impact of supercooled 

fluid on both single and multi-element airfoils. In this study, both aerodynamic and 

thermodynamic models were analyzed and compared to experimental data.21 The study laid out a 

three-part simulation to properly model the ice accretion: calculation of airflow around the 
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aircraft, water droplet trajectories based on angle of impact and volume of water, and the heat 

transfer coefficient.21 Ice accretion on aircraft wings can have a dangerous effect on the lift, 

potentially leading to aircraft failure.5 Mingione et al. used theoretical predictions and 

simulations to compare to the experimental results gathered from a previous study done by Shin 

and Bond.  In this study, air temperature, liquid water content (LWC), and spray time were tested 

for repeatability.25 These tests were conducted using the NASA Lewis Icing Research Tunnel 

(IRT) (Figure 1.1).  

 
Figure 1.1. Schematic of the NASA Lewis Icing Research Tunnel used to conduct ice accretion 

experiments. Reprinted from reference 25. 

 

Mingione et al. used the results from this experimental study and compared the data to 

the predictions that were developed to evaluate the accuracy and reliability of these predictions. 

The experimental data obtained was compared to the predictor-corrector model and the multi-

time-step model.21 It was determined that for lower air temperatures, where rime ice forms, both 

the predictor-corrector and multi-time-step model were sufficient. At higher air temperatures, 

where glaze ice is formed, the multi-time-step model is closer to the experimental measurements 

done.21,25 Additionally, the impact of droplets on a multi-element airfoil was investigated. This 
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heavily relied on angle of impact and viscosity of the fluid.25,26 The studied concluded that 

droplets having larger median volumetric diameter and liquid water content typically lead to 

more ice accretion. Even so, other environmental factors can produce a different outcome.21  

 
Figure 1.2. Impact angle of droplet on two-element airfoil (left): 0° (right): 8.1°. Reprinted from 

reference 25. 

 

Makkonen et al. used the experimental data from Shin and Bond and compared the 

results to the TURBICE modeling of ice accretion on wind turbine blades. Predicition of wind 

turbine icing is more difficult due to multiple potential angles of droplet impact.4,20 Even with the 

additional variables present for turbine blades vs aircraft, the TURBICE model was able to 

accurately replicate the experimental data collected using the Lewis IRT. Another approach was 

using the TURBICE prediction model to better utilize heating mechanisms within the blades as 

an ice prevention method. Knowing where droplets most frequetly impact, allows for targeted 

heating mechanisms that maximize efficiency.4 This is typically done using sensors that can 

detect when ice is present, and when a large amount of ice has accumulated.27 Li et al. conducted 

a study in which an airfoil was exposed to water spray at a multitude of angles in both a static 

and rotating state.28 The airfoils that were rotated had an even layer of ice across the entire 

surface, whereas the static airfoils had localized ice accretion on the side exposed to the wind 

spray, similar to aircraft.25, 28 This is a good indication of how icing will occur, but with the 
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rotation of the blades and the wind coming from different directions, it is difficult to repeatibly 

predict how the ice will accrete on a wind turbine blade.25,28 

Ice Accretion of Power Lines 

Power lines, like wind turbine blades, are exposed to droplets in the form of precipitation 

and wind. Fu et al. studied the accretion of ice on power lines in which they modeled the ice 

accretion of a cylindrical shape exposed to icing conditions, and found that ice accretion was 

dependent on cable diameter.16 Cables of smaller diameter had a faster rate of ice accretion, 

while larger cables accreted more ice mass.16 However, this study did not account for the rotation 

that occurs to power lines as ice accretion changes the weight distribution.16 Rotation of power 

lines can lead to excess strain and potential for line snapping.15,16 Veerakumar et al. conducted 

dynamic, 3-D modeling of ice accretion on power lines as a function of time, testing both rime 

and glaze icing conditions.15,30-32 The study utilized a wind tunnel similar to the Lewis IRT, to 

conduct ice accretion measurements of a power cable. This study highlighted the significance of 

ice accretion time, as well as the atmospheric conditions present during the icing.15,29 The 

temperature strongly influences the type of ice that forms, and time influences the amount. Glaze 

and rime ice effect powerlines differently. These differences are shown in Figure 1.3, where a 

cylinder had been covered in both glaze and rime icing. The test found significant differences in 

the way the layers of each icing type formed.   
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Figure 1.3. Cross-section of rime (left) and glaze (right) ice accretion on a power cable. 

Reprinted from reference 15. 

 

 The study found that rime ice formation is more localized where droplets impact and 

instantly freeze.30-32 The ice accretion formed only on the side of exposure to the incoming 

droplets, and the ice accretion was more uniform along the entire cable.15 Oppositely, as seen in 

Figure 1.3b, the glaze ice is less localized due to the droplets not immediately freezing. This 

allows the water to flow, and as more layers of ice are accreted, the size and shape of the ice 

begins to drastically change. The effect of gravity becomes relevant, and the droplets spread, as 

ice accretion becomes uneven. This was seen in the study when cross-sections were measured at 

different spots along the cable length. In the rime icing conditions, cross-sections of the ice 

accretion along the cable were consistent, whereas in the glaze conditions the ice accretion was 

more random along the entire cable. This delocalization leads to imbalances in the weight of the 

cable, and can lead to situations where gravity, due to the mass of the ice accreted, will cause 

strain on the cable, or cause the cable to rotate.15  
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Marine Ice Accretion 

Ships and marine infrastructure encounter significant precipitation, but also face unique 

challenges of their own, such as sea spray.17-19 Sea spray occurs on a ship or offshore structure 

when sea water is aerosolized and impacts the stucture.6,34 When a ship breaks a wave, the sea 

water is aerosolized into clouds of droplets that impact the ship, and if conditions are right, will 

cause ice accretion.36 Offshore structures primarily encounter wind-generated sea spray rather 

than wave-generated spray.33 Due to the serious safety threat posed by marine ice accretion, 

significant research was conducted to model and measure it.35-38 Temperature, droplet size, wind 

speed, and ship size are a few variables that govern the wave-generated ice accretion that can 

occur on a ship. 

 
Figure 1.4. Preferrable locations for the icing measurement equipment. Reprinted from reference 

40. 

 

Similar to other infrastructure, the ice accretion on ships and offshore structures has been 

modeled and compared to experimental field data. One study was conducted where ice accretion 

data was collected on the USCGC Midgett.40 The Midgett was a Coast Guard cutter that patrolled 



 

8 

the northern seas near Alaska, an area in which ice accretion is prevalent. Measuring equipment 

was placed in various locations on the ship to measure the spray flux and ice accretion (Figure 

1.4).40,43 Additionally, video equipment is commonly used to record impact of water on the bow 

as a ship breaks waves, as well as the water temperature and salinity.40,43 The combination of 

video and measuring equipment allows for in depth analysis of the ice accretion that occurs due 

to wave-generated sea spray.39,40-43 The spray measurements examine variables such as ship 

course and speed, wind direction and speed, and droplet diameter.40 The study found that the 

bow of the ship, as well as forward sections of the superstructure, had the most exposure to sea 

spray, and therefore, the most ice accretion. The complexity of the ice accretion process, as well 

as the variety of infrastructure that it effects, makes mitigation methods difficult. Deicing 

methods and new materials are being developed to limit ice accretion, involving the physical and 

chemical modification of surfaces. These modifications include coatings with surface modifying 

additives or designing materials with micro textures that are not conducive to wetting.  

Icing Mitigation Methods - Modification of Surface Chemistry, Topology, and Modulus  

Multiple different approaches can be taken when creating icephobic coatings (Figure 

1.5). Some methods involve designing materials with low modulus, or hollow regions that 

promote crack propagation.54 Other methods rely on surface modification, whether that be by 

changing the surface chemistry, or topology, to achieve a material with low ice adhesion.53-55  
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Figure 1.5. Design methods of icephobic materials. Reprinted from reference 54. 

Polydimethylsiloxane (PDMS) Icephobic Materials 

Changes to surface chemistry are often done with the use of fluorinated or silicone-based 

materials, such as polydimethylsiloxane (PDMS).44 These materials can be incorporated through 

grafting onto the backbone of the system, or added as a lubrication layer.54,57,58,72 Fluorinated 

polymers have shown to be successful in creating ice-phobic coatings. 44-46,50 Recently, concerns 

of negative environmental and health effects from the production and use of fluorinated 

polymers have arisen.47,49 Due to this, some focus has moved toward fluorine-free materials.48,51 

Polydimethylsiloxane (PDMS) is an additive widely used to create icephobic or ice releasing 

coatings.55,56 It has low surface energy, and is non-toxic, which is beneficial for use in marine 

applications.52,53 PDMS is used in icephobic coatings due to its very low surface energy. Low 

surface energy lowers the ability of ice to adhere to the surface.65 This can prevent water from 

wetting a surface long enough for ice to form. The theory is: if the water cannot wet the surface 
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when water encounters the surface, the water will run off the surface before ice can form. If ice 

does form, the low surface energy will allow for the easy removal of the ice. In some cases, the 

weight of the ice itself provides sufficient force.64,66  

Superhydrophobic Materials 

Another method of designing icephobic coatings uses superhydrophobic surfaces.59 

Superhydrophobic surfaces have a water contact angle greater than 150°, and often have a low 

sliding angle (<10°).67,68  

 
Figure 1.6. Diagram of superhydrophobic surfaces and surfaces classified on contact angle (Θ). 

Reprinted from reference 63. 

 

Fabrication of micro-textures to create a superhydrophobic surface can prevent the 

wetting of a surface.60-62,67,76 Typically, superhydrophobic materials have a highly textured 

surface at the micro or nano scale. While the topography can affect the ice adhesion of a 

material, the surface chemistry is still relevant.76 Micro-texturing increases a material’s surface 

area. This leads to an amplification of the surface properties that are present in the material.76 

There are three classifications for superhydrophobic materials. The classification depends on 

how a droplet interacts with the surfaces. Ice releasing properties of a superhydrophobic 
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materials depend on the way droplets interact with the surface. The Cassie-Baxter state (Figure 

1.6) is where droplets rest above pockets of air that are trapped between the roughness of the 

material’s surface. Materials that have these types of surfaces have very low sliding angle and 

can self-clean.63 Additionally, the ice adhesion of these materials is generally low due to the 

limited contact of water/ice with the surface. The Wenzel state is where the water has penetrated 

into the surface roughness. If freezing occurs in this state, the ice adhesion can be much higher 

due to the increased surface area in contact with the water droplet.74 This highlights the fact that 

contact angle results are not always representative of ice adhesion properties. Finally, there is the 

Marmur state, which is where the droplet is suspended above the air and partially penetrates into 

the surface roughness.75 These different states depend on the droplet substance, as well as the 

shape and size of the microstructures present on the surface.71 

 
Figure 1.7. SEM and contact angle images of two Ag nanoparticle surface samples (a) 80-

400nm particles (b) 100-600nm particles. Scale bar represents 1 𝜇m. Reprinted from reference 

73. 
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Hybrid Icephobic Coatings 

Some studies are working to combine both approaches to make hybrid materials possible, 

which can further improve the anti-icing or ice releasing properties of a material.55,69 Yu et al. 

designed a polyacrylate/PDMS graft copolymer to create a hybrid surface. Low surface energy is 

obtained by the PDMS chains that are integrated into the polyacrylate system. When used in 

conjunction, the two materials separate into different phases, and create a surface roughness that 

additionally aids in the lowering of ice adhesion onto the surface.70,76 Li et al. created a 

PDMS/modified nano-silica hybrid superhydrophobic coating which had a well-defined 

microstructure. When exposed to icing environments, the hybrid coating accreted much less ice 

than the control.69 Yang et al. created a hybrid surface by modifying ZnO particles with PDMS. 

The coatings exhibited a very high contact angle. A unique aspect of this study was the 

exploration of the effects of repeated freezing and thawing on the contact angle. Over multiple 

cycles, the structure of the surface can become worn down, and the material can begin to lose 

hydrophobicity.68 This was not found to be the case for the ZnO/PDMS surface surface.68 

 
Figure 1.8. Diagram showing topographical and chemical modification of a surface using a 

grafted PDMS/polyacrylate polymer. Reprinted from reference 70. 

 

Ryu et al. designed a hybrid material through a unique process. This involved creating an 

elastomeric PDMS material that was molded over a lotus leaf to create a micro-textured 

surface.77 This procedure combined three approaches to designing icephobic materials: a PDMS 
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lubricating layer, low elastic modulus, and a microtextured surface.54,77 Psarski et al. created a 

brush-like icephobic material by grating fluoroalkylsilane chains of different lengths onto epoxy 

coatings using vapor deposition. The study found that the length of fluoroalkylsilane greatly 

influenced the surface roughness, contact angle, and ice releasing properties.78 

Low Interfacial Toughness Materials 

While having a low ice adhesion force is necessary for developing icephobic coatings, 

further testing is needed to determine if a material has potential for use in real world scenarios. 

The infrastructure often affected by icing (aircraft, wind turbines and ships) accumulates large 

pieces of ice, and removal can be difficult, expensive, and time consuming. Interfacial toughness 

is the ability of an interface to resist crack propagation, and is dependent on factors such as 

surface roughness, surface chemistry, and temperature.66,79 While this study conducted by Reedy 

et al. explored the interface between a substrate and an epoxy coating, the concepts can be 

applied to the interface between ice and a material or coating. When studying icing on larger 

structures, the size of the ice is important for understanding the adhesive forces and removal. The 

removal of smaller pieces of ice is dependent on the adhesion strength of the ice on the material. 

For larger pieces of ice, the removal is dependent on the interfacial toughness.66,80 This change 

between which factor controls adhesion is referred to as the critical length. Critical length will be 

different depending on the surface.66,80 Critical length (Lc) can be determined by measuring the 

force required to remove ice of increasing length that has constant width and height (h).66 

Beyond a certain length (Lc), the force (critical force) to remove the ice will plateau. With the 

critical length and critical force known, the interfacial toughness can be determined. 
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Figure 1.9. Graph of critical force vs critical length. Reprinted from reference 66. 

 

The graph in Figure 1.9 shows the plateauing of the force that occurs after the critical 

length is reached. After this critical length, interfacial strength controls the adhesion of the ice 

onto the surface.66,80,81 Understanding whether shear strength or interfacial strength will govern 

the release of ice accreted on a material, helps to design the proper materials for the desired 

application. Mohseni et al. measured the interfacial toughness and surface roughness of two 

quasicrystal coatings. One of the goals was to determine the effect that surface roughness has on 

the interfacial toughness of a material. The study found that while increased roughness can lead 

to lower shear strength, the increase in surface roughness leads to higher interfacial toughness.81 

When developing materials and coatings to solve these issues, it is important to understand the 

areas of application as well as the specific end goal of the material. Golovin et al. prepared low 

interfacial toughness samples (LIT) from thin coatings (~1 𝜇m) of polydimethylsiloxane, 

polyvinylchloride, and polystyrene. The coatings were able to shed a piece of ice 1m x 1m, with 

the weight of the ice alone.66 Coatings with similarly low interfacial toughness could provide an 

excellent solution to large-scale, passive deicing. 
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Biofouling and Ice Releasing Coatings 

 In addition to ice accretion, biofouling is another serious issue that ships face. This occurs 

when biological organisms adhere and build up on a surface that is in water.82 These organisms 

vary in size and consist of bacteria, algae, and other common marine life. Antifouling and 

fouling release coatings have long been used to mitigate the accumulation of biological 

organisms on ships. Original technologies utilized biocides but were eventually banned due to 

ecological concerns. Modern antifouling coatings are more focused on lowering adhesion to the 

surface rather than prevention of attachment.82 Ship hulls that suffer from ice accretion are also 

at risk for biofouling, so the ability to use one coating to solve both issues is desirable. Studies 

have been conducted exploring the antifouling properties of ice releasing coatings and vice 

versa.83 Some strategies, such as designing low surface energy coatings, have shown promising 

results for the prevention of fouling and ice accretion. The main challenge comes from the large 

number of known biofouling organisms that accumulate on ships and other infrastructure at sea. 

Upadhyay et al. explored the ice releasing properties of amphiphilic antifouling coatings to see if 

a correlation could be made between the properties. The study found that some of the 

amphiphilic coatings showed lowered biofouling and ice accretion. The study concluded that the 

ratio of hydrophobic and hydrophilic moieties heavily influenced the fouling and ice releasing 

properties of the coatings.83  

Research Scope 

The goal of this research was to develop an ice releasing coating for ship hulls, through 

the modification of an epoxy-siloxane using polysiloxane oil additives. Additionally, the anti-

fouling/fouling release properties of the materials were studied with the intent of exploring the 

correlations between anti-icing and anti-fouling coatings. Epoxy-siloxanes benefit from the 
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properties that each part provides to the combined system. Where the epoxy lacks in UV 

resistance, the siloxane excels. Oppositely, where the siloxane lacks in durability and chemical 

resistance, the epoxy excels. Previously, the coating used for the upper hull and superstructure of 

ships was an epoxy base coat with a polyurethane topcoat. The drawback of this system is the 

requirement for two coatings to be applied, which takes longer and leads to higher costs. The 

epoxy-siloxane system solves both drawbacks. As ships are migrating further north, the coatings 

applied to ships need to have improved anti-icing/ice releasing properties. Utilizing durable 

coatings with low interfacial toughness could prevent large scale ice accretion on ships exposed 

to icing conditions. The epoxy-siloxane coating with additional PDMS is a simple method to 

achieve materials with such properties, while maintaining the mechanical/weathering durability 

needed for ships.  
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CHAPTER 2. POLYSILOXANE OIL MODIFIED EPOXY-SILOXANE COATINGS 

Introduction 

Epoxy coatings remain a critical technology used in many industries. They are used for 

the protection and decoration of various materials such as metals, wood, and concrete.1 The main 

utility of epoxy coatings comes from their durability, chemical resistance, and corrosion 

prevention.1 In addition to coating applications, epoxies are a popular flooring material, where 

they provide long lasting protection from impact, abrasion, and harsh substances1. The most 

commonly used epoxy resin bisphenol-A, and other aromatic epoxies, are vulnerable to weather, 

specifically when exposed to ultraviolet (UV) radiation.2 The aromatic rings absorb UV radiation 

which leads to degradation of the coating.1,3 To protect the decorative finish of epoxy coatings 

that are exposed to UV, a top coating can be added to shield the epoxy from direct exposure. 

This top coating is commonly a durable polyurethane. However, the synthesis of polyurethanes 

requires the handling of toxic isocyanates, so efforts have been made to avoid using these 

coatings.4,5 Beyond this, the problem with the two-part solution is that it involves applying 

multiple coats, increasing material and application costs. Thus, an ongoing goal is to find a way 

to combine these properties into a single coating system. 

Epoxy-siloxane coatings are a relatively new technology that incorporate the durability of 

epoxy resins with the weather resistance of silicones. This is a desirable coating system that 

avoids the additional cost of using a topcoat to provide the desired level of protection. Epoxy-

siloxane coatings are generally comprised of a non-aromatic epoxy resin, an organosilane, a 

polysiloxane, and an aminoalkylsilane.1 The amine groups of the aminoalkylsilane react with the 

epoxy through an epoxy-amine reaction, and the silane groups react with the organosilane and 

polysiloxane through hydrolytic polycondensation, creating a crosslinked epoxy-siloxane 
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coating. The benefit of this system is a highly durable coating, that is weather resistant due to the 

selection of an aliphatic/cycloaliphatic epoxy resin and the siloxanes present.  

A significant challenge for the military, transportation, and energy industries is snow/ice 

accumulation.6 Ice accretion on an aircraft can have catastrophic effects. Ice can interfere with 

flight control mechanics or worse, hinder the generation of lift. On wind turbines, ice accretion 

can create imbalances between the turbine blades, leading to inefficiency or potential failure. Ice 

accretion on power lines can causing straining on the line and eventual snapping. Ice accretion 

on a ship’s superstructure can fall, posing a serious risk of injury or death to crew members. As 

naval ships and transportation vessels move further north into arctic shipping lanes, ice 

mitigation strategies will become more important for efficiency and safety.  

Ships also face the issue of fouling. Biofouling is the buildup of marine organisms on a 

surface that is in the water.13 There are over known 4,000 marine organisms capable of fouling. 

This makes mitigation methods quite difficult.12,13 Biofouling consists of micro-organisms such 

as bacteria and algae up to macro-organisms like barnacles and mussels. Uncontrolled biofouling 

can lead to increased drag, accelerated corrosion, and the transfer of invasive species to other 

ecosystems.12-14 Previously, coatings containing biocides, such as tributyltin oxide, were used to 

prevent the accumulation of biofouling. These coatings were successful in preventing the 

attachment of marine organisms, but it was later discovered that they were harming the 

surrounding ecosystem. In 1980, the International Maritime Organization banned the use of these 

coatings.12,13 This led to the development of non-toxic fouling release coatings. Silicone oil 

additives in a silicone elastomer became popular as a non-toxic ship hull coating.12 The presence 

of silicone oil creates a lubricating layer that prevents strong attachment of marine organisms and 
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allows for easy removal.15,16 Incorporation of amphiphilic silicone oil creates a heterogenous 

surface that makes the attachment of marine organisms more difficult.  

Silicone oil additives are also used for creating icephobic coatings.17,18 Like the fouling 

release coatings, the silicone oil at the surface lowers the adhesion of ice. Similarities have been 

identified between ice releasing properties and fouling releasing properties.19 There has been 

little overlap between these two coating technologies. Upadhyay et al. conducted an ice adhesion 

study on a series of amphiphilic coatings that had been characterized using biofouling assays. 

Some of the coatings that performed well against biofouling also exhibited icephobic 

characteristics.19 When using amphiphilic additives, the balance between each moiety is crucial 

in determining the ice/fouling releasing properties of the material.19 The findings are promising 

but need to be researched further to better understand how each moiety is affecting the ice and 

fouling that attach to the surface.  

The goal of this study was to determine if incorporating polysiloxane oil additives into an 

epoxy-siloxane coatings system could improve the ice-releasing performance of an epoxy-

siloxane coating system. A base epoxy-siloxane coating was prepared based on a published 

patent1, then, a series of polysiloxane oils were added to determine their effect on the 

hydrophobicity and ice-adhesion properties of the coatings. The coatings were also evaluated 

using laboratory assays to determine their fouling-release properties with the intention of 

drawing correlations between ice releasing and fouling releasing coatings.   

Experimental 

Materials 

Eponex 1510 was purchased from Hexion (OH, USA). DC-3074 was purchased from 

Dow Chemical Company (MI, USA). The (3-aminopropyl) trimethoxysilane, 97% was 
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purchased from Sigma Aldrich (MO, USA). The t-butyl acetate was purchased from Alfa Aesar 

(MA, USA). Methytrimethoxysilane, 99% and PDMS copolymer and homopolymer oils, 4-6% 

diphenylsiloxane-dimethylsiloxane (3,500-4,000 g mol-1), 18-22% diphenylsiloxane-

dimethylsiloxane (1,600-2,400 g mol-1), 8-12% phenylmethylsiloxane-dimethylsiloxane (1,500-

1,600 g mol-1), 48-52% phenylmethylsiloxane-dimethylsiloxane (2,200 g mol-1), 45-55% 

phenylmethylsiloxane-diphenylsiloxane (600-800 g mol-1), phenylmethylsiloxane (2,500-2,700 g 

mol-1) were purchased from Gelest Inc (PA, USA). All materials were used as provided without 

any further purification. Intergard 264, Intersleek® 700, Intersleek® 900, and Intersleek® 1100SR 

were purchased from AkzoNobel, International Paint LLC (TN, USA). Silastic® T2 silicone 

elastomer was purchased from Dow Corning (MI, USA). Steel and aluminum substrates used 

were QD-48, QD-36, and A-48 purchased from Q-Lab (OH, USA). The aluminum panels (A-48) 

were sandblasted and then primed, using spray application, with Intergard 264 marine epoxy 

primer. Falcon sterile, bacterial grade 24-multiwell plates were purchased from VWR 

International (PA, USA).  

Preparation of Resin Component 

The R1 resin was made from a hydrogenated bisphenol-a epoxy resin a 

methyltrimethoxysilane, and a polysiloxane. The amounts of each are listed below in Table 2.1. 

These components were mixed using a magnetic stir bar for 1 hour. The epoxide equivalent 

weight (EEW) of the prepared R1 resin was determined based on ASTM D 1652. EEW titrations 

were done to determine the EEW of the R1 resin to control stochiometric EEW:AHEW ratios for 

formulation of the coatings. The AHEW was obtained from the supplier. First, a crystal violet 

indicator and a 0.1M HBr in glacial acetic acid were prepared. The HBr solution was then 
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standardized by titration of dried potassium acid phthalate (204.2 g/mol) and four drops of 

crystal violet indicator. The normality (N) was then determined using the following equation: 

N = 
1000 x W

204.2 x V
    W = weight of potassium acid phthalate (g) 

V = volume of HBr solution (mL) 

Next, 1-2g of R1 resin and four drops of indicator were dissolved in chloroform then the 

normalized HBr solution was used to titrate the R1 resin and a blank that contained the same 

amount of chloroform and indicator. Three titrations were conducted and then calculations were 

done to determine the EEW of the resin using the following equation:  

W = sample mass (g) 

EEW = 
1000 x W

N x (V−B)
  N = normality of HBr solution 

V = volume of HBr for titration (mL) 

B = volume of HBr for blank (mL) 

Coating Formulations 

The base coating was prepared based on a formulation in a published patent.1 The R1 

resin was mixed with the (3-aminopropyl) trimethoxysilane at a 1:1 EEW: AHEW along with 

adding t-butyl acetate to improve flow Table 2.2. Modification of the base coating was done by 

adding various non-reactive siloxane copolymer and homopolymer oils to improve the surface 

properties. These siloxane oils were added in different amounts based on percent weight of the 

R1 resin. 
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Table 2.1. R1 resin components 

R1 resin  Parts 

Eponex 1510 45.72 

 Gelest Methyltrimethoxysilane 2.97 

Dowsil DC-3074 51.31 

 

Table 2.2. Coating formulation amounts and ratios 

Component Amounts (g) 

R1 Resin 10.0 

(3-aminopropyl) trimethoxysilane 2.008 

t-butyl acetate 0.726 

Siloxane Oil 5% 10% 

Various oils used 0.5 1.0 

 

Next, a variety of siloxane copolymer oils at different amounts were incorporated into the 

coating to observe the differences that the amount of phenyl or methyl content would have on the 

surface properties of each formulation. The formulation ID and description of each oil 

composition are in Table 2.3. The formulations with “s” have 50% more solvent (~1.0 g) than 

the regular formulations. Besides the “s” formulations, the only difference between the 

formulations is the type and amount of silicone oil added.  
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Table 2.3. Coating formulations and oil composition 

Formulation Siloxane Oil Composition 

Base No oil additive 

5% DPDM-005 (4-6% Diphenylsiloxane)-

(Dimethylsiloxane) 10% DPDM-005 

5% DPDM-020 (18-22% Diphenylsiloxane)-

(Dimethylsiloxane) 10% DPDM-020 

5% PMDM-010 

(8-12% Phenylmethylsiloxane)-

(Dimethylsiloxane) 

5% PMDM-010s 

10% PMDM-010 

10% PMDM-010s 

5% PMDM-050 (48-52% Phenylmethylsiloxane)-

(Dimethylsiloxane) 10% PMDM-050 

5% PMDP-050 (45-55% Phenylmethylsiloxane)-

(Diphenylsiloxane) 10% PMDP-050 

10% PM-100 100% Phenylmethysiloxane 

5% DM-100 
100% Dimethylsiloxane 

10% DM-100 

 

For each formulation, the resin, solvent, hardener, and oil additive were mixed using a 

magnetic stir plate for 30 minutes before leaving open for 10 minutes to allow off-gassing of the 

solvent and any bubbles created by the mixing. The panels were cleaned prior to application 

using hexane and then isopropanol. Application was done on smooth finish steel Q-panels using 

a BYK drawn down bar at 4 and 8 mil wet film thickness. Panels were then left on the lab bench 

at ambient conditions to cure. Coatings were tack free after one hour, dry through after one day, 

and fully cured after three days.  

Attenuated Total Reflection Fourier Transform Infrared Spectroscopy  

ATR-FTIR was used to characterize the coatings. A Thermo Scientific Nicolet 8700 FT-

IR instrument (MA, USA) with Smart iTR™ accessory was used to collect all the spectra in the 

4000-400 cm-1 range.  
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Surface Characterization 

 Water contact angle (WCA) and surface free energy (SFE) were determined using a 

Kruss® DSA100 drop shape analyzer (Kruss, Germany). Coatings were placed on the stage with 

no tilt. For each sample five measurements were done where 2𝜇l of water and methyl diiodide 

(MDI) were dropped onto the sample using a dual-dosing attachment. After the droplets settled, 

the WCA and MDI measurements were taken and using the AdvanceTM software, the SFE was 

determined by the Owens-Wendt calculation.8  

Ice Adhesion  

 The procedure for the ice adhesion measurements has been previously published.20 Ice 

adhesion measurements were done at -10°C using a Peltier-plate system. Pieces of ice (1 cm x 1 

cm x 0.6 cm) were frozen onto the coated substrate and removed using a Nextech DFS500 force 

gauge at a velocity of 74 𝜇m/s. For critical length measurements, a larger Peltier-plate was used. 

A Laird Technologies Peltier-plate with length of 22 cm and width of 6 cm was used. For these 

tests the length of ice was varied from 1 cm to 20 cm while the width and height remained at 1 

cm and 0.6 cm respectively. Five measurements were taken for each length of ice. 

Biological Assays 

 Microorganism fouling assays were conducted on eleven sample coatings and five 

commercial coatings to use as a baseline. Barnacle assays were conducted on nine sample 

coatings and one commercial coating. Coatings were prepared on aluminum panels that were 

sandblasted and primed using Intergard 264. 15 mm disks were punched out of the panels and 

then glued into the base of the Falcon 24-multiwell plates. All wells and panels were pre-leached 

for 28 days with tap water recirculating every 4 hours. After the 28 days the biological assays 

were conducted. 
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-Cell Attachment and Removal of Diatom (N. incerta) 

 First leachate toxicity screening was conducted by immersing the well plates in 

recirculating water for 7 days. After this time, the plates were incubated for 24 hours in 1.0 ml of 

Guillard’s F/2 growth medium. The extracts were collected, and 1 ml was mixed with 0.05 ml of 

N. incerta along with growth medium. A 0.150 ml aliquot of this solution was transferred to a 

96-well plate incubated for 48 hours at 18°C with a 16:8 light:dark cycle. After the incubation, 

the N. incerta biomass was measured by fluorescence intensity of chlorophyll a and recorded in 

relative fluorescence units (RFU). A positive growth control containing nutrient medium, and a 

negative growth control made from 6 𝜇m of triclosan were used to compare relative toxicity. For 

biofilm growth, a suspension of N. incerta diatoms (~105 cells/mL) were diluted to an OD of 

0.03 at absorbance 660 nm in artificial seawater (ASW) containing Guillard’s F/2 medium. 1 mL 

of the ASW containing N. incerta was added to each well and then incubated for 48 hours at 

18°C with a 16:8 light:dark cycle. After incubation, the biomass was extracted using 1 ml of 

dimethyl sulfoxide and 0.150 ml of the extracts were again measured for chlorophyll a 

fluorescence and recorded as RFU. The N. incerta was given 2 hours to settle on the surface and 

then water jet removal was done. With three columns for each sample, the first column was not 

water jetted. The second column was water jetted for 10 seconds at 10 psi. The third column was 

water jetted at 20 psi. The water jet removal was reported in RFU as biomass remaining, which 

was measured using chlorophyll a fluorescence, and 1-way ANOVA statistical analysis was used 

to determine the adhesion results. 

-Biofilm Growth and Removal of Bacteria (C. lytica) 

 To test the toxicity, the samples were placed in recirculating water with for 7 days. After 

that they were incubated in 1 ml of biofilm growth medium (BGM) for 24 hours. The extracts 
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from this were then mixed with 0.05 ml of C. lytica (~108 cells/mL) and suspended in BGM. A 

0.150 ml aliquot of this mixture was then transferred to a 96-well plate and incubated for 24 

hours at 28°C. The growth was measured by adding 0.5 ml of 0.35% crystal violet solution. 

After fifteen minutes, each well was rinsed three times with DI water. Then the crystal violet 

biofilm was extracted using 0.5 mL of 33% glacial acetic acid. A 0.15 mL aliquot of this extract 

was transferred to a 96-well plated. Absorbance was measured at 600 nm using a multi-well plate 

spectrophotometer. A BGM positive growth control and negative growth control (15 𝜇g/mL of 

triclosan in BGM) were included for reference. For biofilm growth, C. lytica was rinsed with 1 

ml of ASW and suspended with BGM to a density of ~107 cells/ml. Then 1 ml of that solution 

was added to each well and incubated for 24 hours at 28°C. The plates were tested with the water 

jet the same as the N. incerta except spray time, which was 5 seconds. Biofilm remaining was 

determined by ATP bioluminescence and was reported as fluorescence intensity. The same 

statistical analysis was done to determine the adhesion results. 

-Attachment and Removal of Barnacles (A. amphitrite) 

 For each sample coating, six adult barnacles were removed from a glass panel which was 

coated with Silastic-T2 and then immobilized on the surface of the sample coating using a 

custom template. The barnacles were fed with brine shrimp and left to grow for 2 weeks. After 

this, the barnacles were removed using a handheld force gauge which measure peak force to 

detach the barnacle from the surface. After removal, the basal plate area was determined using 

Sigma Scan Pro 5.0. Barnacle adhesion strength (MPa) was calculated by dividing the force to 

remove the barnacle by the respective basal plate area. Barnacles that required no force for 

removal were considered to have not attached to the surface and were recorded as such. 
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Results and Discussion 

One of the main approaches to lower ice adhesion is to modify the surface properties by 

making the surface hydrophobic. This can be done by utilizing additives or changing surface 

roughness to obtain a micro/macrostructure. Epoxy-siloxane coatings are a current system used 

as the topcoats for ship hulls and superstructure. These epoxy-siloxane coatings exhibit high 

strength and good weatherability, especially UV protection. The goal of this study was to modify 

the epoxy-siloxane system to improve the surface properties. To do this, siloxane copolymer and 

homopolymer oils of various composition were integrated into an epoxy-siloxane network to 

determine the effects of the hydrophobicity of the surface regarding the ice releasing properties. 

Studying the anti-fouling/fouling release (AF/FR) properties of the coatings were a secondary 

goal. A base epoxy-siloxane was made based on a published procedure. Once the base coating 

was successfully made, it was modified with the siloxane oils.  

ATR-FTIR was used to characterize the coatings to measure any difference of surface 

chemistry seen between the various oil compositions used. As seen in Figure 2.1, no significant 

difference was seen between the coatings. This was not an unexpected result as the oils are added 

in such a small amount.  
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Figure 2.1. ATR-FTIR of methyl and phenyl dominant polysiloxane coatings. 

 

The effects of the oil additives were first measured by determining static water contact 

angle (WCA). Measurements of the base coating were also done to act as a control. All the 

measurements were done on a level stage. Five measurements were taken on each coating across 

the entire length of the panel. In general, the coatings with methyl dominant oil had a higher 

contact angle and the coatings with phenyl dominant oil had a lower contact angle (Figure 2.2). 

As the concentration of oil was increased in the coatings this trend became more apparent. As 

seen in Figure 2.2, the methyl dominant oils had a higher contact angle at 10% vs 5%. 

Oppositely, the phenyl dominant oils had a lower contact angle at 10% vs 5%.  Esumi et al. 

reported a polydiphenylsiloxane coating with a surface energy of 46.5 mN/m. The coatings with 

higher percentage of PDMS are yielding a higher contact angle. This makes sense due to the 

hydrophobicity of PDMS.  

The samples that consistently showed a high contact angle were the PMDM-010 

coatings. In all the coatings containing this oil, the contact angle was over 100° regardless of 



 

36 

coating thickness, oil concentration, or solvent concentration. In addition to the PMDM-010 

coating’s high contact angle, these coatings produced the best films. While the DM-100 coatings, 

which are pure PDMS, had a similar contact angle to the PMDM-010 coatings, the films 

produced were uneven and rough. On the other hand, the PMDM-050, PMDP-50, and PM-100 

coatings yielded a low contact angle slightly above the base coating. The 10% PMDP-050 and 

10% PM-100 formulations, containing oils with high phenyl content, had a contact angle 

significantly lower than the base. This result further indicates the hydrophilic effect that the 

phenyl dominant oils have on the surface properties of this system.  

 
Figure 2.2. Static water contact angle of oil containing coating formulations and the base. 

 

An unexpected result was the higher contact angle seen in the “s” formulations. In nearly 

all samples with additional solvent, the “s” coating had a higher contact angle compared to its 

counterpart. Initially the extra solvent was added to improve flow and create a more uniform 
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film, but the results indicate that this extra solvent is affecting the surface properties in some 

way. One thought for this is the extra solvent creates more mobility in the system, which allows 

more silicone oil to get to the surface before the coating cures.  

 
Figure 2.3. Surface energy of oil containing coating formulations and the base.  

 

Ice adhesion measurements were done by pushing a 1 cm2 block of ice off the sample and 

recording the force required to break the ice free. Further measurements including critical length, 

critical force, and interfacial toughness were determined by freezing pieces of ice of different 

lengths onto the coatings and recording the force required to detach the ice. The latter approach 

provided a test more comparable to real world scenarios. When ice accretion occurs on aircraft, 

wind turbine blades, or ships it forms in large sheets. Understanding how large pieces of ice 

detach from a surface is important in order to design materials specifically for easy removal of 

large pieces of ice. Ice adhesion measurements were conducted on several the coatings 

specifically chosen to monitor potential trends. Coating thickness, solvent concentration, oil 
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concentration, and oil composition were varied, and ice adhesion was measured to see the effects 

of these changes on the surface properties of the epoxy-siloxane base coating.  

 
Figure 2.4. Ice adhesion of 1 cm x 1 cm pieces of ice on unmodified and modified epoxy-

siloxane coatings.   

 

The trends seen in the contact angle measurements seem to correlate to the ice adhesion 

results well. The composition of the oil additive had significant influence on the ice adhesion 

results as it did in the contact angle and surface energy measurements (Figure 2.4). The coatings 

with methyl dominant oil additive required lower force to detach the ice than the coatings with 

phenyl dominant oils. Some of the coatings with phenyl dominant oils required much more force 

to remove the ice than the base coating. Both PMDM-050 and PMDP-050 had a higher ice 

adhesion than the base coating. The 10% PMDP-050 had the highest ice adhesion at a level 

much higher than the base coating. Regarding film thickness, there does not seem to be a 
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noticeable difference in ice adhesion between similar coatings having different film thickness. 

Some formulations showed higher ice adhesion with a thicker film, and some showed the 

opposite. Changes in the amount of solvent had significant impacts on the results specifically for 

the PMDM-010 coatings. This was highlighted in the critical length (Figure 2.5) and interfacial 

toughness results (Figure 2.6). For smaller pieces of ice, adhesion strength is dependent on the 

area of the coating/ice interface. As the area of this interface increases, the shear stress required 

to detach it will continue to increase. Critical length is the point at which the shear stress is no 

longer dependent on the area of interface. At the critical length the force required to remove a 

piece of ice plateaus and remains constant. This force is considered the critical force. 

 
Figure 2.5. Critical force vs critical length of a select group of polysiloxane modified coatings. 

 

Initial ice adhesion results (1 cm2) showed similar trends to what was seen in the contact 

angle and surface energy data. The coatings with methyl dominant oil additives performed better 

than the coatings with phenyl dominant oils, but little difference was seen between the different 
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coatings with methyl dominant oils. As shown in Figure 2.4, the 10% DPDM-005 and 10% 

DPDM-020 had a similar low ice adhesion when compared to the 5% PMDM-010s, but when 

larger pieces of ice were tested the 5% PMDM-010s had the lowest critical force and length out 

of every other coating (Figure 2.5). The 5% PMDM-010s reached its critical length at 

approximately 4.85 inches and required the least amount of force to remove long pieces of ice. 

The 10% DPDM-005 had a similar critical length as the 5% PMDM-010s but required nearly 

twice the force to remove the ice. An interesting result is the large difference between the 5% 

PMDM-010 and the 5% PMDM-010s. The only difference between these coatings being more 

solvent added in the formulation. The critical length of the 5% PMDM-010 is nearly twice the 

critical length and critical force of the 5% PMDM-010s. Additionally, both the 5% PMDM-010 

and 5% PMDM-010s had lower critical length and critical force than the 5% DM-100, which had 

the highest critical length. This would indicate that the incorporation of some phenyl content into 

the coating is beneficial to the surface properties of the coatings and may be preferable to pure 

PDMS. The phenyl dominant 10% PMDP-050 had a slightly higher critical length than the 5% 

PMDM-010s but a significantly higher critical force than every other coating.  
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Figure 2.6. Interfacial toughness siloxane oil modified coatings. 

 

 The interfacial toughness is calculated using critical force. Interfacial toughness is the 

resistance an interface has to crack propagation. For large scale deicing, a low interfacial 

toughness is desirable. This indicates that the force required to remove a large piece of ice is low. 

The coatings with phenyl dominant oils had higher interfacial toughness than the coatings with 

methyl dominant oils. The 10% PMDP-050 had an interfacial toughness tenfold the other 

coatings tested. The 5% PMDM-010s on the other hand, had an interfacial toughness of 0.06 

J/m2, which is lower than the interfacial toughness due to Van der Waals forces (0.1 J/m2).9 This 

result is quite significant, even more so when considering the difference in interfacial toughness 

seen between the 5% PMDM-010s and the 5% PMDM-010. The additional solvent lowered the 

interfacial toughness of the coating from 0.23 to 0.06 J/m2.  
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The first assay done was using the microalgae Navicula incerta (N. incerta). First the 

coatings had to be checked for leachate toxicity. For 28 days water was circulated in tanks 

containing the coatings. After this, the seawater solution that had been exposed to the coatings 

was removed and N. incerta was grown in this solution. Failure of the N. incerta to grow in this 

solution would indicate that the coating is toxic, which makes the coating unacceptable for use in 

a marine environment. For these assays, fluorescence is directly proportional to the cells of algae 

present. To determine the level of toxicity, G+ was used as the positive control indicating a 

coating that is non-toxic while Tcs is the negative control indicating a highly toxic coating. As 

seen in the results in (Figure 2.7) the solution for all the coatings exhibits no significant level of 

toxicity as the algae was able to grow similar to the positive control. Figure 2.8 shows the 

amount N. incerta that attached to the surface of the coatings in a two-hour time frame. Then, 

after two hours, a water jet at 10 psi and 20 psi was used to spray each coating for five seconds 

and the biomass of N. incerta remaining was recorded using fluorescence. Most of the coatings, 

except the commercial coatings, performed similarly to the others. The sample coatings did not 

exhibit AF/FR properties as the biofilm was able to attach to the surface of the coatings and was 

not easily removable. The commercial coatings outperform all the sample coatings with the 

1100SR performing the best overall for AF/FR properties.  
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Figure 2.7. N. incerta leachate solution toxicity of sample and commercial coatings. 

 

 
Figure 2.8. N. incerta cell attachment and cells remaining after water jet cleaning.   
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The next assay conducted was with the microorganism Cellulophaga lytica (C. lytica). 

Again, leachate toxicity tests were first performed. For C. lytica toxicity was tested on the 

solution as well as on the coating itself (Figure 2.9). Like the first assay performed, the coatings 

showed no toxicity towards C. lytica in the solution or on the coatings. Similar to the N. incerta, 

the samples coatings did not prevent the attachment of C. lytica onto the surface, and none of the 

samples performed better than the others. Overall, the sample coatings had better releasing 

properties of C. lytica compared to the N. incerta. Little difference was seen for the removal of 

C. lytica between the 10psi and 20psi water jet. For the N. incerta the difference was more 

significant. Again, sample coatings did not perform as well as the commercial AF/FR coatings 

(Figure 2.10). The sample coatings performed only slightly better than a plain polyurethane 

coating. No significant difference was seen between the sample coatings. These results indicate 

that for microfouling organisms, these coatings do not perform well as AF/FR coatings.  

 
Figure 2.9. C. lytica leachate toxicity in solution and on coating surface.   
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Figure 2.10. C. lytica biofilm growth and biofilm remaining after water jet removal.   

Lastly, the coatings were exposed to the macrofouling organism Amphibalanus 

amphitrite (barnacles). Barnacle fouling is a significant challenge that is difficult to mitigate due 

to the barnacle’s ability to adhere to many surfaces. Because of the limited availability of live 

barnacles, only certain coatings could be tested for the barnacle adhesion. The coatings were 

selected based on ice adhesion performance as well as some phenyl dominant coatings to 

compare against. In addition to these coatings, three commercial AF/FR coatings were tested. 

The results can be seen in Figure 2.11 The trends seen in the ice releasing data do not seem to 

translate to the barnacle adhesion. The PMDM-010 coatings performed well in both, but an 

interesting result is the low barnacle adhesion force for 10% PMDP-050 considering its low 

contact angle. While not all the oils that had a high contact angle performed well in the barnacle 

adhesion, the PMDM-010 coatings did. The higher level of methyl content seems to improve 
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both contact angle as well as the barnacle adhesion. The 10% PMDM-010 and the 5% PMDM-

010s performed similarly with the industry standard Intersleek 1100SR on barnacle removal 

force. 

 
Figure 2.11. Barnacle adhesion of modified epoxy-siloxane coatings and the commercial coating 

Intersleek 1100SR. 

 

One theory for why the coatings have largely differing surface properties, is the 

miscibility of the oils in the epoxy-siloxane matrix. The miscibility predictions (Figure 2.12) 

directly correlate to the contact angle and ice releasing data that was collected. It seems that the 

coatings with oils that are less miscible in the matrix produce a coating that is more hydrophobic 

and has exceptional ice releasing properties. Whereas the coatings with oils that are more 

miscible, produce a coating that is more hydrophilic and has poor ice releasing properties. This 

would make sense as a less miscible oil will be forced to the surface of the coating where it can 
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influence the surface properties. The coating with the least miscible oil, PMDM-010, had the 

lowest ice adhesion and interfacial toughness.  

 
Figure 2.12. Miscibility predictions of silicone oils in epoxy-siloxane matrix. 

  When looking at the miscibility predictions, even the most miscible oil is not miscible 

until a volume percent of about 40%. The coatings prepared had much less oil additive than this. 

The hypothesis is that there is a gradient present near the surface of the coating, and the 

concentration of the oil in that gradient depends on the miscibility of the oil. The oils that are 

more miscible will likely be concentrated deeper in the coating, away from the surface where it 

can influence of the surface properties. The oils that are less miscible will likely be concentrated 

near the surface of the coating. Visual inspection of the coatings supports this hypothesis, as the 

more miscible oils produce a clear coating, and the less miscible oils phase separate, producing 

an opaque coating. Initial miscibility predictions are so far aligning with the experimental data 



 

48 

collected. These predictions do not account for the presence of solvent or what happens while 

curing, but they could be a useful tool in identifying how other oils may interact with the coating 

matrix and influence the surface properties. Further testing is necessary to determine if 

miscibility could potentially be an indicator of surface properties in these coatings 

Conclusions 

In this study, an epoxy-siloxane coating was successfully prepared. Upon successful 

preparation of the base, the coatings were modified with additional polysiloxane oil additives. 

These oils were added with the goal of improving the surface properties of the epoxy-siloxane 

base, specifically the ice releasing properties. The additives used were a variety of methyl and 

phenyl siloxane copolymers that were incorporated into the base coating. The modified coatings 

were then studied to understand the effects that each oil had on surface properties. The surface 

characterization was conducted with contact angle, surface energy, and ice adhesion tests. One 

coating formulation performed well in all experiments conducted. Formulation 5% PMDM-010s 

yielded increased hydrophobicity and lowered ice adhesion. Marine biofouling was tested by 

performing laboratory assays using two common microorganisms, Cellulophaga lytica and 

Navicula incerta, and one macro-organism, Amphibalanus amphitrite (barnacles).  Biofouling 

assays were conducted with the intention of drawing comparisons between fouling releasing and 

ice releasing properties. For microorganisms the sample coatings did not perform as well as the 

commercial coatings. For barnacles some of the coatings containing methyl dominant oils 

performed equally to Intersleek 1100SR. The best performing coating was the 5% PMDM-010s. 

It had the second lowest a low ice adhesion shear strength and very low interfacial toughness, 

lower than Van der Waals (0.1 J/m2). The 10% PMDM-010, which also exhibited good ice 

releasing properties outperformed the Intersleek 1100SR on barnacle adhesion.  
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CHAPTER 3. FUTURE WORK AND CONCLUSIONS 

The research in this thesis explored the modification of an epoxy-siloxane coating for the 

purpose of developing an ice releasing coating. An epoxy-siloxane coating was formulated and 

then modified using polysiloxane oils. Polysiloxane oils of different composition were 

incorporated in the epoxy-siloxane to compare the effects that each had on the surface properties. 

This was done with the intention of discovering trends that could lead to a better understanding 

of the relationship these siloxane oils have with the surface properties of the material.  

Optimization of Epoxy-Siloxane System 

The formulation instructions previously published were limited in detail.1 Example 

formulations were given with quantities of reagents, but methodology was vague. Instructions 

like ‘stir until uniform’ were used throughout the publication. Specific processes and stirring 

times were not provided, so the methods for this study were decided on and then kept consistent. 

In addition to the vague instructions, there were other formulation examples presented in the 

publication that were not prepared or tested in this study. The focus of this research was studying 

the effects of the oil additives on the surface properties and ice adhesion. There is much research 

that could be conducted to optimize the base coating. A study focused on the base coating could 

be conducted looking at parameters such as stir time, reagents, reagent quantities, sweat in times, 

etc. The optimization of the base coating could provide further insight into ways to improve 

mechanical properties of the overall material. 

These same concepts could be explored regarding the modified coatings as well. Again, 

with no detailed formulation process, there is potential for optimization of these coatings. The 

incompatibility of the siloxane oils in the epoxy-siloxane matrix is key to the final surface 

properties. The presence of silicone oil at the surface creates a slippery lubrication layer that 
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limits ice adhesion. The siloxane oils are being dispersed into the epoxy-siloxane system and 

then phase separating. It seems that the level of miscibility between the oil and the matrix 

determines the extent of this phase separation. Stirring time and intensity could change the 

dispersion of the siloxane oils in the coating. In this study all formulations were stirred for 30 

minutes. With a longer stir time, the dispersion of the oil in the epoxy-siloxane could be quite 

different. The fouling and ice releasing properties of the oils are dependent on the presence of oil 

domains at the surface. Longer stir times could change the size and distribution of those domains 

across the surface and could potentially alter the surface properties. This is something worth 

exploring further. Studying the change in surface properties that arise from varying the stir times, 

could provide a clearer procedure for optimizing the surface properties of this coating.  

Influence of Miscibility on Properties   

 In this study, solvent quantity significantly affected the ice releasing results, particularly 

the interfacial toughness. The reason for this is unknown but is believed to be related to 

miscibility of the oils. Further research could explore the role of solvent in the coating system. 

The miscibility of the oils in the epoxy-siloxane causes phase separation bringing the oils to the 

surface. A potential explanation for the improvement of ice releasing properties, is that the 

additional solvent is affecting the miscibility, or it is affecting the migration of the oils to the 

surface.  

Amphiphilic Oil Additives  

 Amphiphilic additives are currently used for designing non-toxic fouling release coatings. 

The additives are a block copolymer of polyethylene glycol (PEG) and PDMS. The current 

industry standard, Intersleek® 1100SR, is an amphiphilic silicone elastomer. While it is non-toxic 

and offers impressive AF/FR properties, it suffers from poor mechanical strength, and low 
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adhesion. This requires the use of a robust base coat, followed by a tie coating for proper 

adhesion. Further study could involve incorporating an amphiphilic additive, similar to the one 

found in Intersleek® 1100SR, into the epoxy-siloxane system to explore the fouling and ice 

releasing properties. Research of these additives has been extensively conducted, specifically 

studying the effect of composition and structure of the oil additives on the AF/FR properties.2-4 

The typical base coating used was a polyurethane, so it could be valuable to see how these 

additives perform with the epoxy-siloxane base. Additionally, not much testing has been done to 

determine the ice releasing properties of coatings modified with these additives.  
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