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ABSTRACT 

Thin film boiling and evaporation have been recognized as most efficient thermal 

management solutions for reliable operations of high power density electronics. Liquid-

vapor phase change process plays an important role in many natural phenomena and 

industrial applications ranging from thermal management of electronics, power generation, 

water harvesting, and water desalination. Enhancing liquid-vapor phase change efficiency 

push the boundaries specially in electronic industry. To achieve this purpose, many efforts 

have been devoted for better understanding of the underlying mechanism and improving 

performance solutions. Recent progress in micro/nano fabrication techniques have opened 

an avenue for scientists and engineers to elevate thermal conversion and management by 

manipulating effective parameters. Herein, we aim to survey the most enlightening recent 

advances in developing various nanoengineered architectures for thin film evaporation 

enhancement including micropillars and nanowires, micro/nano porous membranes, 

hierarchical structures, and micro/nano channels. We study their functionalities and 

compare their efficiencies. In the next step, we focused on the role of planar nanoporous 

membranes in thermal management due to their high heat removal potential. We utilized 

anodic aluminum oxide (AAO) membranes and a high heat flux of 560 W/cm2 is achieved 

with wall superheat of ~ 60 ℃. Thin film boiling as the next stage of pool boiling 

dramatically increases the bubble departure frequency as a result of reduced conduction 

resistance in liquid microlayer. As boiling regime enters the thin film region, the bubble 

diameter significantly shrinkages promoting the departure process. Moreover, separate 

liquid-vapor pathways play a critical role by providing liquid to nucleation sites in a more 
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efficient way. This work suggests utilizing thin film boiling as an advanced strategy for 

promoting heat removal performance in high power electronics.	
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Chapter 1: Introduction 

1.1 Background 

The demands for higher performance and computing power have led to 

continuous shrinking of electronic devices at the cost of increasing power density. Heat 

removal in a reliable, efficient, and uniform fashion has thus become a limiting design 

parameter. Thin film evaporation has attained a rapid growth of interest for thermal 

management solution due to the privilege of its high heat removal capacity1–8. Liquid-

vapor phase change has also served in a multitude applications including novel methods 

of water harvesting9, water desalination10–12, humidification13, steam generation cycles14–

16, biology17–19, agriculture20,21, food and chemical processing industries22,23. The 

importance of thin film evaporation has motivated researchers to continually develop new 

and ever-improving materials, processes, and design methodologies.  

Evaporation from thin films as a key process of many two-phase cooling 

strategies have attracted great attention over the past half-century. Deep understanding of 

the physics of the phenomena associated with enhancing heat transfer efficiency have 

caused a very challenging set of circumstances. However, the extensive theoretical and 

experimental studies have revealed new understanding of the nature of solid-liquid-vapor 

interactions at the contact line and interfacial heat and mass fluxes24–29. Evaporation 

happens across a liquid-vapor interface which is called transition region where drives the 

liquid molecules into the vapor phase30,31. The occurred phase change is governed by 

transport processes at the contact line which significantly depend on wettability and 

surface energy32,33, thermal resistances34,35, hydrodynamic resistances28, and capillary 

wicking36–40. Moreover, heat transfer coefficient41,42, disjoining pressure43,44, and surface 
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tension gradient45 have been reported in the literature as influencing evaporation 

parameters. In general, increased solid-liquid interface as well as increased number of 

nucleation sites for liquid vaporization dictate the enhancement of critical heat flux and 

wall superheat46. Wall superheat is defined as the difference between surface temperature 

and the saturation temperature. To form liquid-vapor and solid-liquid interfaces, it is 

required to overcome the surface energies that is related to the wetting nature of the 

substrate47. It has been well documented that surface wettability can be modified by 

chemical compositions and surface morphology. Micro/nano fabrication technique has 

been emerged as potential means of increasing evaporation through manipulation of 

wettability behavior of the surface. With the knowledge of determinant thin-film 

evaporation factors and advances in materials and surface engineering methods, now 

more than ever there are opportunities for novel methods to address thermal management 

challenges.   

Micro/nano architectures have been studied extensively as model systems to 

understand influences of topography on wetting behavior and consequently on critical 

heat flux (CHF) limit. The objective of this chapter is to identify the fundamental 

governing mechanisms of evaporation in various tailored micro/nano structures including 

micropillars and nanowires, nanoporous membranes, hierarchical structures, sintered 

nanoparticles, and micro/nano channels. A comparison between thermal conversion 

efficiencies has also presented to provide a comprehensive study.   
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Figure 1.1 Physics of evaporation. The maximum evaporation occurs at the thin film region. 
Reprinted with permission from REF 48, American Chemical Society. 

 

1.2 Micropillars/Nanowire 

The enhancement of thin film evaporation significantly depends on the extension 

of liquid-vapor interface at the three-phase contact line. The extended meniscus can be 

achieved through micro/nano-structuring by varying the surface area-to-volume ratio. 

Moreover, micro/nano engineering of a surface significantly improves the liquid transport 

via capillary wicking49,50. Higher capillary wicking capability of a structure postpones the 

liquid dry out that occurs when viscous forces overcome the capillary pressure. 

Therefore, tremendous efforts have been taken to understand how to manipulate the 

hydrodynamic characteristics of a working fluid and its interfacial interactivity. 

Micropillars and nanowires with high surface roughness greatly expand the interfacial 

contact area besides their improved wickability51–54. It is demonstrated that desired 

performance of wick structures for fluid and thermal transport depend on various 

Vapor

Adsorbed 
layer 

Evaporating thin 
film region 

Intrinsic meniscus 
region

nano scale micro/macro scale
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parameters including extended menisci, capillary, permeability, porosity, and 

characteristic lengths.  

 

Figure 1.2 (a) micropillars, reprinted with permission from REF. 55, ELSEVIER (b) bi-porous   structure of 
different arrangement of pin fin arrays, reprinted with permission from REF. 61, ASME. (c) 
silicon nanowires, reprinted with permission from REF. 63, Nature. (d) biporous CNT strip and 
pillar forests, reprinted with permission from REF. 69, ELSEVIER. 

	

Adera et al.55 experimentally characterized thin film evaporation from a 1 × 1 cm2 

silicon micropillars and used a semi-analytical model to find the optimum design to 

maximize the heat dissipation. For silicon micropillars fabrication a standard 

photolithography and deep-reactive-ion etching (DRIE) process have been used. The 

final structure has been illustrated in Figure 1.2a showing diameter, height, and center to 

center distance of pillars. In this experimental study, pure evaporation was analyzed 

(a)

(c)

(b)

(d)
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without interfering any nucleation boiling. This achieved by applying a passive liquid 

transport utilizing a two-reservoir design. The passive transport strategy prevents 

flooding on the structure while wicks enough water to sustain the evaporation. The 

transferred heat through the silicon micropillar with high thermal conductivity triggers 

the evaporation on the top of pillars where the liquid meniscus is formed. The 

evaporation fluxes were presented against the temperature difference between the 

substrate wall and the saturation temperature of chamber in Figure 1.2a. The unaffected 

dry out heat flux and temperature by changing the flow rate from 10 to 20 ml/min from 

canister to reservoirs prove that capillary wicking is the only liquid transport mechanism 

in this structure. By increasing heat flux, the liquid meniscus adjusts its curvature in a 

way to counteract for the mass loss through the evaporation. This dynamic change in 

curvature continues to the point that it starts to recede due to the dominant effect of 

viscous forces vs. capillary wicking. This is known as capillary-limited dryout heat flux. 

The effect of spacing and diameter of pillars on the capillary-limited dryout heat flux is 

also investigated.  

As shown in many experimental studies, thin film evaporation can be coupled 

with nucleation boiling. It is important to note that in evaporation and boiling regime how 

to increase both heat dissipation and heat transfer coefficient (HTC) simultaneously. It is 

known that capillary wicking enhances by increased surface area in wicks structure, but it 

may lead to higher viscous forces which results in lower heat transfer coefficient. So, 

there is an optimum design to favor both heat dissipation and heat transfer coefficient56. 

Different numerical approaches were utilized to model thin-film evaporation on wick 

structures for an optimized design39,57–60. Coso et al61. has presented a silicon biporous 
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wick structured made of periodically pin fin arrays separated in a microchannel. A 

schematic of fabrication process of evaporator wick was depicted in Figure 1.3a showing 

the sequential steps of photolithography and DRIE. Heater and copper electrode 

deposition has also been illustrated. In this evaporator design, the reduced thickness of 

liquid film in addition to enhanced capillary improves efficiency of heat dissipation. Heat 

dissipation has been measured for different arrangement of wick parameters including 

diameter, length, and microchannel width. As it is represented in Figure 1.2b, for pins 

with a height of less than 145µm, heat transfer mechanism is in pure evaporation and it 

enters the boiling regime as height increases (Figure 1.2b). In the boiling regime, higher 

heat fluxes were dissipated at lower wall superheats due to enhanced thin film area 

generated by bubbles motion along the pins. The thickness of this film is a function of the 

space between pins and the bubbles velocity. As heat flux elevates, the liquid contact 

angle on the wall of pins reaches its minimum and further the liquid film thickness 

decreases. The increased thermal conductivity as a consequence of reduced film thickness 

and enhanced evaporation interface prior to the dry out, are the roots for high heat 

transfer coefficient. The effects of diameter and pitch have also been demonstrated for 

both evaporation and boiling regimes. Dual-height superhydrophilic (DHS) micro-post 

evaporator wicks are also fabricated by Ryo et al.62 to vertically stretch the thin 

evaporative film and increase the heat flux.  

Micro/nano surface roughening has a significant contribution in enhancement of 

CHF by reinforcing interfacial re-wetting. Kim et al.63 fabricated silicon nanowires to 

compare their performance with plain silicon substrate. As it is depicted in Figure 1.2c, 

the interaction between rewetting down flowing fluid and up flowing vapor governs the 
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heat transfer mechanism. Moreover, it is shown how nanowires intrigues the fluid 

transport through strong interfacial wicking caused by induced capillary pressure on 

engineered surface. Advanced capillary pressure allows for dissipation of higher heat 

fluxes with delivering more liquid to the boiling surface. Silicon nanowires take 

advantage of separate pathways for fluid and vapor to reach CHF with lower wall 

superheat as the comparison with a plain silicon surface (Figure 1.2c). At the final stage, 

the lack of stability between fluid resistance and vapor hydrodynamic (Helmholtz 

instability) leads to formation of a vapor blanket and finally burnout occurs. The effect of 

porosity and length of SiNWs have also been investigated on CHF and HTC value. 

Figure 1.3b displays the fabrication method of silicon nanowires arrays64–66. 

Carbon nanotubes (CNTs) as a class of nano scale wick structure has received 

enormous amount of attention due to their high porosity and fast fluid transport 

capability. Moreover, a high thermal conductivity from 0.7 to 262 W/m.K67,68 can be 

achieved by tuning synthesis conditions of CNTs growth. An experimental study on bi-

porous wick CNT strip forests and CNT pillar forests was conducted by Cai et al.69 to 

measure the evaporation on these porous nano structures (Figure 1.2d). Although CNTs 

can provide a very high capillary pressure up to two orders of magnitude bigger than 

micro wicks, but their in-plane permeability is one to two orders of magnitudes smaller. 

To overcome this challenge, a bi-porous structure with micro pitches between CNT 

clusters has been shaped. With the presence of micro pitch, the liquid flow resistance 

decreases while capillary is highly increased in the nanopores of CNT clusters. As results 

indicate in Figure 1.2d, the transition from evaporation to nucleate boiling occurs at 

almost the same superheat for both structures. A maximum heat flux of 770 W/cm2 and 
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600 W/cm2 with a superheat of less than 40 ℃ has been achieved for stripe and pillar 

configurations, respectively. The privilege of nano porous CNT structures can be seen 

more clearly in heat transfer coefficient graph especially when evaporation enters the 

nucleate boiling regime and fully developed phase change is formed (region B). In the 

fully developed regime, increased evaporation interface and vapor jets in the large pores 

facilitate the heat dissipation mechanism. At high heat fluxes, the heat transfer coefficient 

is governed by thin liquid film conduction since it reaches its minimum conduction 

resistance at this region. Chemical vapor deposition (CVD) as a common method for 

synthesis of vertically aligned carbon nanotubes70,71 (VACNT) has been shown in Figure 

1.3c.  

 

Figure 1.3. Fabrication process of (a) silicon micropillars, reprinted with permission from REF. 61, ASME.  
(b) Silicon nanowire (SiNWs), reprinted with permission from REF. 64, Wiley. (c) Chemical 
vapor deposition (CVD) growth of CNTs, reprinted with permission from REF. 70, 
ELSEVIER. 
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 1.3 Hierarchical Structures 

          A number of studies have reported the privilege of hierarchical surfaces with 

increased surface roughness to enhance the HTC and CHF72. Hierarchical structures with 

two or more distinct pore sizes have been proposed as alternative geometries to boost the 

capillary limit73–75. Nam et al.76 have fabricated and analyzed heat transfer performance 

of dense arrays of superhydrophilic micro-post shown in Figure 1.4a. The solid fraction 

of micro-posts arrays is up to 50% with an aspect ratio of two. The fabrication process of 

Cu micro-porous wicks has been presented in Figure 1.5a. A seed layer of (Ti/Cu/ Ti) has 

been deposited on a silicon substrate using e-beam thermal evaporation. In the next step, 

the negative PR has been coated on the adhesive layer and patterned as mold for micro-

post wicks. Then, the Cu wicks have formed utilizing electrodeposition under non-

uniform current leading to discrete CuO nanostructures on a thin (< 200 nm) Cu2O 

underlayer. In the last step, the PR mold has been completely removed after plating 

process77. Chemical oxidization process results in achieving high surface energy and 

wettability without introducing large parasitic thermal resistance. Nam et al.76 have 

characterized the heat transfer performance of Cu micro-post wicks and results are 

displayed in Figure 1.4a. The maximum heat flux of almost 200 W/cm2 has been 

achieved for a heater size of 5 × 5 mm2 and it increases up to 950 W/cm2 for a smaller 

heater size (2 ×  2 mm2). Increased heater area resulted in decreased heat flux in 

microstructures for phase change heat transfer due to the longer distance for liquid 

transport. Dp, Dcc, and fs are representatives of diameter of the post, distance between the 

nearest neighboring posts, and solid fraction. Nam et al.78 have further investigated the 

wicking behavior of different types of nanostructured copper surfaces for both water and 
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methanol. Integration of a nanostructured metal foam layer on top of the copper micro-

post wicks enhanced the heat flux over 150% for micro-post wicks of ~	0.4 solid 

fraction79 (Figure 1.4b). This improvement caused by high permeability of liquid supply 

in addition to high capillary pressure of wicks. The fabrication approach is depicted in 

Figure 1.5b. Another configuration of evaporator wicks was introduced and studied by 

Sudhakar et al.80 The wicks structure is made of two layer sintered porous copper with an 

array of posts bridging the two layers as shown in Figure 1.5c. A maximum heat flux of 

485 W/cm2 was achieved with a small superheat of 25℃ for the optimized wicks with Cu 

particles of diameter 180-212 µm and 15 × 15 number of arrays (Figure 1.4c). As heat 

flux increases, the thermal resistance decreases until the two layer holds a near constant 

resistance in a heat flux above ~240 W/cm2. At this point, the liquid retreats into the cap 

layer through the wicks which defines a separate path for liquid and vapor. The high heat 

flux is a result of both high capillary pressure and low thermal resistance in the two-layer 

structure. The calculated thermal resistance was 0.052 K/W at the dryout point and stayed 

below 0.09 K/W during the whole process. The requirements to achieve high CHF in 

wicks structures make the carbon nanotubes as a decent candidate due to the high thermal 

conductivity and capillary pressure in them. In a work by Kousalya et al.81 CNTs were 

fabricated on a sintered copper substrate with plasma enhanced chemical vapor 

deposition technique. Then, a thin layer of copper was deposited on CNTs through 

physical vapor deposition method. Three different copper coating thicknesses were 

deposited and investigated including 250 nm, 500 nm, 750 nm. Results compared the 

CNTs copper coating performance with bare copper sintered powder and different copper 

coating thicknesses (Figure 1.4d). Following the heat flux curve, it can be observed that 
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at low heat fluxes (<50W/cm2), heat transfer is in thin-film evaporation regime with a 

relatively low superheat. By further incensement of heat flux (between 50 and 350 

W/cm2), capillary pressure in the pores assists the liquid flow to the heated area to 

replenish the evaporated liquid in the dominant boiling heat transfer region. Reduced 

slope of boiling curve represents a decrease in HTC that leads to partial dryout and 

finally complete dryout. The presence of CNTs reasons a faster transition from 

evaporation to boiling at lower superheat. The highest CHF as well as lower superheat 

were attained for thicker copper coatings. This enhancement is owing to reduced thermal 

resistance and increased capillary pressure of coated carbon nanotubes. 

 

Figure 1.4 (a) hierarchical structure of mico-post wicks, reprinted with permission from REF. 76, ASME. 
(b) a metal foam on top of a micro-post wicks, reprinted with permission from REF. 79, 
ELSEVIER. (c) sintered powder wicks, reprinted with permission from REF. 80, ELSEVIER. 
(d) copper coated CNTs on a sintered powder wicks substrate, reprinted with permission from 
REF. 81, ELSEVIER. 
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Figure 1.5 Fabrication steps of (a) micro-post wicks, reprinted with permission from REF. 77, IEEE. (b) a 
metal foam on top of a micro-post wicks, reprinted with permission from REF. 79, ELSEVIER. 
(c) two-layer sintered powder wicks structure separated by micro-post wicks array, reprinted 
with permission from REF. 80, ELSEVIER. 

 

1.4 Thin Membranes 

      Thin film evaporation from nanoporous membranes has received a great deal of 

investigations due to their promising performances. A short distance for liquid to pass 

gives the privilege of low thermal resistance leading to a high evaporation flux and high 

frequency bubble departure in thin film boiling regime. Nanoporous membranes are able 

to provide high capillary pressures while decrease viscous losses due to short pathway82. 

Separate liquid and vapor pathways are known as a great advantage in porous 

membranes. Figure 1.6a shows an anodic aluminum oxide membrane with pore radii of 

28–75 nm and porosities of 0.1–0.3583. In this study, the role of various parameters on 

(a) (b)

(c)
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heat transfer performance of AAO membrane including pore diameters (10 nm–200 nm), 

membrane porosity (0.1–0.35), and meniscus location within the pore have been 

investigated. A monolayer of perfluorodecyltrichlorosilane was deposited on top of 

platinum heater (RTD) to make the top side of membrane hydrophobic. The hydrophobic 

coating pins the meniscus at a specific location. Then, the free standing AAO membrane 

was placed in contact with water and the hydrophilic nature of the backside of membrane 

sucks the water inside. The heat transfer curve demonstrates the performance of different 

membranes which named as pore radius (nm)-Porosity-L*. L* is defined as the ratio of 

pore length to the pore diameter. Dashed lines represent where the transition from 

flooding regime to pore level evaporation regime happens (π = 1). For a π less than one, 

water flooded the membrane surface and when π	is more than 1, all the fluid on top of 

membrane is fully evaporated and capillary pressure must supply the liquid (Figure 1.6b). 

Transition to the pure evaporation regime has caused an order of magnitude increase in 

dissipated heat compared with flooded regime. Membranes with higher porosities acquire 

higher heat fluxes due to more delivered liquid to the evaporation site. The effect of the 

meniscus location within the pore was investigated for different samples 75-0.35-2, 75-

0.35-7, and 75-0.35-15. The results from these samples were compared with the modeling 

data. It is shown as L* increases; the evaporative heat flux drops rapidly. As results 

demonstrated, 1µm moving of the meniscus caused heat dissipation reduction by a factor 

of two. This drop in heat flux was due to the added vapor transport resistance through the 

hydrophobic pore section for generated vapor to escape.  
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Figure 1.6 (a) SEM top view and schematic of Anodic Aluminum Oxide membranes (AAO). The heat flux 
has plotted corresponding to the wall superheat. (b) Schematic and heat flux of thin film boiling 
and evaporation mechanism. Part (a) and (b) are reprinted with permission from REF. 83, 
Applied Physics Letters. 

 

 

Figure 1.7 (a) Si3N4 porous membrane, and (b) supported ultra-thin porous membrane on microchannels. 
Fabrication process for aforementioned structures is presented in figure (c) and (d) respectively. 
Part (a) and (c) are reprinted with permission from REF. 84, American Chemical Society. Part 
(b) and (d) are reprinted with permission from REF. 85, Nature. 

	

Besides the importance of liquid refilling efficiency, minimizing the transport 

resistance of vapor removal tremendously affects the heat transfer mechanism. In a novel 
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work presented by Lu et al.84 a high heat flux of 500 W/cm2 was achieved by utilizing an 

ultrathin nanoporous membrane with a thickness of 200 nm. The fabrication process of 

the ultrathin Si3N4 has been illustrated in Figure 1.7c. The pore radius is 65 nm with an 

area of 0.26 mm × 3.4 mm coated with Au as heater as well as resistive temperature 

detector. The membrane has been experimented in air ambient and depicted high heat 

flux in pure evaporation regime shown in Figure 1.7a. The small boundary layer 

thickness assists the high evaporative heat flux transport. As Figure 1.7a depicts, 

experimental results validate the Maxwell-Stefan equation at high interfacial heat fluxes. 

Despite of high achieved heat flux, all the three aforementioned experimental studies on 

ultrathin membranes suffer from the mechanical stability. In a novel design, Hanks et 

al.85 improved the mechanical stability of an ultrathin silicon membrane with the 

thickness of 600 nm by assembling it on a silicon microchannel. The presence of 

microchannels that are 2 µm wide, 2 µm high, and 200 µm long with high permeability 

facilitates the liquid feeding of the nanoporous membrane with pores diameter of 50-100 

nm. Within a thin wicking structure, it is possible to achieve a high CFH and HTC by 

suppressing the nucleate boiling and promoting a steady liquid-vapor interface. In the 

structure shown in Figure 1.7b, a high heat flux of ~	518 W/cm2 was reached with a 

superheat of less than 35 °C for a dielectric fluid such as pentane with low surface tension 

of 0.016 N/m and low thermal conductivity of 0.11 W/m.K at 20 °C. The fabrication 

process of both silicon membrane and microchannels and following fusion bonding 

process are displayed in Figure 1.7d. The platinum heater and RTD then deposited on the 

backside of the structure. The liquid enters the backside of the device and drawn by 

capillary into the channels that later evaporates from the nanoporous surface. The 
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excessive liquid bypasses the device and returns back to a flowmeter. The heat transfer 

performance of the device was tested in an environmental chamber and demonstrated in 

Figure 1.7b. The experimental data were compared with the results from a model (red and 

green lines) which anticipated the performance of the evaporator for different 

confinement of liquid meniscus in the pores. According to the model, the CHF in a 

capillary-driven structure occurs when the viscous pressure drop in the liquid surpasses 

the maximum capillary pressure. The maximum capillary pressure across an interface 

was obtained from the Young-Laplace equation considering a spherical meniscus and a 

low receding contact angle of 10 degrees for pentane. The gray dashed line in Figure 1.7b 

represents the thermal resistance through the 650 µm substrate. The red curve displays 

the situation where the liquid meniscus is confined to the pores, i.e., the liquid area 

fraction is equal to the porosity, ξ = 0.242. The green curve demonstrates when liquid 

spreading to cover a larger area fraction at the limit of ξ=1. 

1.5 Isotropic Porous Structures 

Isotropic porous structures are known as a diverse category for heat dissipation 

purposes and has been raised in various forms such as inverse opals, sintered particles, 

meshes, and etc. The copper inverse opals (IOs) structure as one of the most promising 

structures was introduced by Zhang et al.86 and shown in Figure 1.8a28,86,87. The 3D 

structure of periodically repeated uniform pores facilitates the liquid and vapor transport 

through separate pathways. With the emphasis on increasing capillary pressure in wicks 

structures, the size of pores continues to shrink owing to its inverse proportionality with 

feature size. At the same time, smaller feature size results in flow resistance increasement 

which scales inversely with the square of feature size. To achieve both requirements, an 
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adjustment of pore size is of vital importance. In IOs, the repeated pores were connected 

to each other through the necks and size of these necks control the hydraulic resistance 

and consequently fluid transport. Different neck sizes which is a function of sintering 

time was studied to tailor the permeability of the IOs. Then the permeability was 

predicted for each neck size by using a finite element model. The calculated permeability 

for each unit cell with symmetric boundary condition can be a good representative of 

whole structure due to the well-ordered pore arrangement. When IOs get in contact with 

water, the capillary wicking in lateral direction wets the porous structure and feeds it. As 

applied heat transfer increases, the temperature of active area of IOs rises and leads to 

more intense boiling until it reaches a steady state. The measured dissipated heat fluxes 

are demonstrated in Figure 1.8c as a function of wall superheat for different neck 

sintering times. A high heat flux of more than 1200 W/cm2 was achieved with a small 

superheat of 12 ℃. To zoom more on the boiling regime in IOs, a schematic of vapor 

dynamic has been presented in Figure 1.8a displaying an upward movement direction of 

formed vapor in pores. The vapor passes the IO structure which has a thickness of δ and 

as it goes up, its pressure drops. By comparing the capillary limit and boiling limit from a 

model using Darcy’s law, their intersection is found as a critical wicking length which 

below it, boiling performance is not limited by capillary. The vapor departure impedance 

resulting from drag of wick matrix defines the maximum boiling limit below the critical 

wicking length. The fabrication process on IOs is shown in Figure 1.8b88. 

Sintered particles form a diverse category of wicking structures including mono-

porous and bi-porous wicks. A mono-porous structure is commonly composed of 

spherical metal powders such as copper. Various sizes of Cu particles shape wick 
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structures with different porosity and thickness. The thicker porous layer is, the more 

conduction resistance will be. Figure 1.9a illustrates a mono-porous sintered wicks and its 

heat transfer curve against wall superheat. The effect of thickness has been shown for the 

same powder size (250-335 µm)89. For all particle sizes, the thermal resistance is at a 

maximum for the medium thickness sample and decreases slightly for the 600 and 1200 

µm samples. The impact of wick layer thickness on the performance is therefore modest 

in the thickness range of 600–1200 µm. They also investigated the effect of various 

powder sizes between 45-335 µm  for the same thickness of 900 µm  and as results 

present, higher heat fluxes were attained for powder sizes in the range of 250-335 µm. 

The maximum heat flux gained for the powder with middle size (106 µm) which suggests 

there is an optimum size. The balance between available surface area, nucleation sites, 

permeability, and viscous resistance defines the heat performance of each structure. A 

schematic of two-phase regime and formed meniscus is demonstrated in Fig. 1.9a. In a 

study by Semenic et al.90 a biporous wicks structure was investigated to further enhance 

the dissipated heat (Figure 1.9b). Although the heat dissipation mechanism is the same in 

both mono-porous and biporous wicks, biporous sintered wicks was achieved higher 

maximum heat flux. The increased evaporative meniscus inside the biporous structure 

compared with surface evaporation in mono-porous wicks gives rise to the critical heat 

flux. The comparison is shown in Figure 1.9b. The wicks 3D structure in this study is 

composed of clusters with a size of ~	500 µm that are made of sintered small copper 

particles with a size of ~ 70 µm. The liquid feeding is occurred through small pores of 

clusters by capillary action and vapor moves away from the large pores. Different cases 

(19 biporous wicks) were investigated to recognize the optimal design of biporous 
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through changing the particles and cluster sizes, wick thickness, and evaporator areas. 

The maximum heat flux in the best thin biporous wick had CHF at 520 W/cm2 with a 

superheat of 50 °C, and the best thick biporous wick tested had CHF at 990 W/cm2 with a 

superheat of 147 °C. The main different performance was observed for thin and thick 

biporous which refers to nucleation regime. Bubble nucleation does not form inside the 

thin biporous wicks while it occurs inside the thick wicks and produces vapor jets.  

 

Figure 1.8 (a) SEM image of copper inverse opals and a schematic of boiling mechanism inside the IO 
porous structure. (b) The fabrication process of IOs. (c) Heat transfer performance against the 
wall superheat. (d) Capillary limit and boiling limit as a function of wicking length for different 
neck diameters. All parts are reprinted with permission from REF. 86, Wiley. 
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Figure 1.9 (a) Mono and (b) biporous structures of sintered copper powder wicks structure. Heat transfer 
performance were displayed as a function of wall superheat. Part (a) is reprinted with 
permission from REF. 89 ELSEVIER. Part (b) is reprinted with permission from REF. 90, 
ELSEVIER.  

 

 

1.6 Hybrid Structures 

The main porous of hybrid design is to take advantage of two or more various 

structures at the same time. Enhanced heat transfer is achievable by engineering of all 

effective parameters such as thermal conductivity, fast liquid transport including both 

capillary and permeability, separate liquid and vapor pathways, and etc. Considering the 

aforementioned influencing parameters, Palko et al.91 has introduced a hybrid structure 

consisting of a laser etched diamond heat sink coated with conformal, template-fabricated 

copper microporous (Figure 1.10a). Diamond heat sink spreads the heat aggressively 

along the triangular channels owing to its very high thermal conductivity. The 

microporous copper with pore size of 5 µm  and thickness of 25 	µm  provides the 

optimized liquid and heat transfer. A manifold is resposible for uniform liquid feeding 

over the heat sink surface. As it is presented in Figure 1.10a, a maximum heat flux of 

1280 W/cm2 with a small superheat of less than 21 K was observed. With a small size of 

pore (5µm) boiling forms into thin films with a thickness of less than 35µm which results 

(a) (b)



	
21	

in a high heat transfer coeffiecient. Small pores and a narrow distribution of them in 

addition to small thickness promote the uniform bubble nucleation. A cross sectional 

SEM in Figure 1.10a has been shown. Although small pores of wicks provide high 

capillary performance, permeability decreases as it scales with the square of pore 

diameter. To overcome this limitation, a triangular diamond fin base with liquid transport 

length of 500	µm according to porous copper performance was implemented. Besides the 

surface extension, the very high thermal conductivity of diamomd (1800 W/m. K) boosts 

the heat spreading. The fabrication process of diamond heat sink is illustrated in Figure 

1.11a. The heat transfer mechanism of the composed structure was capable of removing 

more than 1300 W/cm2 with a superheat of less than 35 K (Figure 1.10a). It is also found 

that flow rate of liquid feeding has a significant effect on single phase contribution in 

cooling and finally enhances the CHF. The tradeoffs between high wicking flow rate for 

fluid feeding and low thermal resistance make the design challenging to find the 

optimized HTC and CHF92. To achieve this optimized design, Wen et al.92 studied a 

hybrid mesh structure with nano-grass and microcavities on the multilayer micro-meshes. 

The microchannels created by woven meshes transport the liquid flow to the 

microcavities surface. The SEM image of the multilayer copper mesh and the schematic 

of evaporation mechanism in it is depicted in Figure 1.10b. As it is shown in the 

schematic, the thin film evaporation happens at the top surface of the multilayer meshes 

with coupled thin film boiling inside the wicking structure. For wicks with a thickness 

more than 150 µm, thin film boiling elevates the HTC by disturbing the temperature 

gradient and reducing the thermal resistance in the thin liquid film. To take advantage of 

film boiling inside the thick wicks, it is necessary to activate nucleate boiling sites. 
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Addition of microcavities and nanotextures can be used to increase the number of 

nucleation sites. The dissipated heat flux was measured for structures with different 

number of mesh layers and presented in Figure 1.10b. The impact of film boiling can be 

seen from the small superheat on the surface. Figure 1.10c represents a hybrid structure 

composed of a sintered copper micromesh bonded on microchannels93. It is found that 

CHF of the hybrid structure significantly increased by 83% and 198% compared with 

mono-porous evaporating surfaces such as microchannels and copper woven mesh with 

the same thickness. This enhancement is due to the separation of capillary pressure and 

fluid transport. Both micromembrane and microchannels are made of copper. The heat 

transfer performance of micromembrane suspended on microchannel is demonstrated 

against wall superheat in Figure 1.10c. In heat flux curve, four different evaporation 

surfaces with identical heating areas (1 × 1 cm2) were investigated. 

 

Figure 1.10 (a) conformal porous copper coated CVD grown diamond microchannels, reprinted with 
permission from REF. 91, Wiley. (b) multilayered copper meshes, reprinted with permission 
from REF. 92, ELSEVIER. (c) hybrid structure composed of bonded copper mesh on 
microchannels, reprinted with permission from REF. 93, ELSEVIER. 
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Figure 1.11 Fabrication process of (a) conformal copper coated CVD grown diamond microchannels, 
reprinted with permission from REF. 91, Wiley. (b) multilayered copper mesh wicks with 
different roughness on the surface, reprinted with permission from REF. 92, ELSEVIER. 

 

1.7 Micro/Nano Channels 

Thin film evaporation as heat and mass transfer mechanism utilizes capillary 

action to form a steady thin liquid film in contact with solid substrate. The minimized 

thermal resistance of steady evaporation originates fast liquid vaporization without 
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entering the boiling regime. The evaporation rate is an outcome of momentum transport, 

energy transport, and gas kinetics that depend on time scale, length scale, and 

thermodynamic properties30,94–98. There are three main steps involved in capillary 

evaporation in nano-conduits, liquid transport to the liquid-vapor interface, liquid 

vaporization at the interface, and vapor removal99. Understanding of underlying physics 

of each step assists to find new approaches to promote the maximum dissipated heat. 

Various experimental studies have been done on capillary transport and vapor removal 

from micro/nano structures, but a few experimental studies have worked on kinetic limit 

of evaporation at the interface. Li et al.100 was conducted an experimental study on 

capillary evaporation in 2D nanochannels for the first time. They fabricated a hybrid 

silicon nanochannels composed of test channel and reference channel with two different 

heights (Figure 1.13a). The capillary pressure difference due to change in heights and 

contact angles, applies force on pinned meniscus of test channel and at the same time 

pulls the other meniscus at the reference channel. The evaporation rate was calculated by 

measuring the meniscus location displacement in test channel. The evaporation flux is 

measured through equation 1,  

                                                    𝑉∗ = 𝑉 -
-∗
																																																																					(1.1) 

with -
-∗
	showing the ratio of reference channel to the test channel. From evaporation flux 

versus nanochannel length, it is found that as channel length reduces, the flux increases 

and then stays unchanged. It means the evaporation flux is no longer limited by fluid 

transport. Further experiments in vacuum chamber with pressure of 150 Pa revealed that 

vapor removal is also not the evaporation flux limit. The derived conclusion shows the 
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kinetics in nano conduits controls the evaporation flux. The kinetic-limited evaporation 

flux in different nanoscale confinements at 0% relative humidity is displayed in Figure 

1.12a for temperatures from 20 to 40 °C. According to the evaporation flux curve as a 

function of height, a decreasing trend can be observed by increasing the channel’s height. 

A change in the height results in changing of evaporation surface area. The experimental 

results were compared with theoretical data extracted from Hertz-Knudsen theory. The 

experimental results with one order of magnitude larger values presenting an extremely 

high evaporation flux. Presented results in Figure 1.12a explains that capillary 

evaporation in a nano-confinement such as nanochannel is ultimately controlled with 

kinetic limits at liquid-vapor interface. To analyze the kinetic limit of evaporation in 

nanoporous membranes, heat flux of a single nanopore and its underlying mechanism 

was discussed in a hybrid nanochannel-nanopore structure101. A single nanopore in a 

suspended silicon nitride membrane is connected to a nanochannel through a connecting 

chamber. The only variables in the hybrid geometry is the channel height and the pore 

diameter. The pore is hydrophilic and tested with both hydrophilic and hydrophobic outer 

surface area. The experiment was conducted in a vacuum chamber and pinned meniscus 

in nanopore/nanochannel were captured by a high-speed camera. The difference between 

pore diameter and nanochannel height creates the capillary pressure along the hybrid 

structure. The kinetically limited evaporation from nanopores were compared with 

evaporation flux in 2D nanochannels by Li et al100. As results show in Figure 1.12b, 

evaporation flux strongly depends on the diameter. The maximum evaporation flux was 

attained for a pore with diameter of 27nm which is larger than the theoretical predictions. 

The possible underlying mechanisms to explain this strong dependency are change in 
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evaporation area and evaporation coefficient102–104. To understand the effect of 

hydrophilicity and hydrophobicity of the top outer surface, the evaporation flux was 

measured for both cases and presented in Figure 1.12b. Both evaporation flux graphs in 

Figure 1.12b were prepared for eight set of different .
-
. The fabrication method of the 

hybrid structure is depicted in Figure 1.13b. Nazari et al.99 utilized the concept of 

negative absolute liquid pressure in uniformly heated nanochannels. A strong liquid 

transport was caused by the negative pressure. The evaporation continued in 

nanochannels without any bubble formation at the temperatures higher than boiling 

temperature. Smaller size of the nano-conduits than the nucleation radius prevented the 

bubble formation. The heat flux results are illustrated in Figure 1.12c. The fabrication 

process is shown in Figure 1.13c. 

 

Figure 1.12 (a) A hybrid nanochannel, reprinted with permission from REF. 100, American Chemical 
Society. (b) A nanochannel-nanopore hybrid structure, reprinted with permission from REF. 
101, American Chemical Society. (c) A nanochannel with a capillary pumping between hot and 
cold reservoir, reprinted with permission from REF. 99, American Chemical Society. 

 

(a)

(c)

(b)
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Figure 1.13 Microfabrication method of (a) hybrid nanochannels with different height for test and reference 

chamber, (b) hybrid nanochannel-nanopore structure, (c) nanochannels with two reservoirs. 
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Chapter 2: Role of Nanoconfinement on Thin Film Evaporation  

This chapter presents the thermal performance of thin porous anodized aluminum 

oxide (AAO) membranes. The tested AAO membrane in this study has a thickness of 60 

µm and averaged pore diameter of 80 nm. The underlying mechanisms of evaporation 

and thin film boiling in AAO membranes are investigated experimentally. The privilege 

of the planar porous structure for phase change heat transfer is highlighted in this work 

and a high dissipated heat flux of 560 W/cm2 is achieved. The high value of transferred 

heat in this structure triggered by formation of a thin liquid film on top of the membrane 

surface. With a narrow thickness of liquid, the bubble departure frequency increases 

which leads to a higher heat transfer coefficient and higher critical heat flux (CHF). The 

reduced thermal resistance in the liquid layer also enhanced the CHF in the regime of thin 

film boiling. Moreover, a comprehensive characterization study on AAO membranes is 

performed and the special custom-made experimental setup is described in details in this 

chapter. 

2.1 Background 

           High efficiency heat transfer approaches have attained considerable attention 

during the last decades due to their significant role in different domestic and industrial 

applications such as power generation14,15,105,106, water harvesting9, water 

desalination12,13, and thermal management in electronics7,8,28,46,47. Liquid-vapor phase 

change process as one of the most effective heat transfer mechanism has been explored 

immensely to reach its optimal performance. In electronics cooling applications, 

reliability and lifetime of devices strongly depend on the heat transfer efficiency107. An 

extensive investigation has been dedicated to recognize all the effective parameters on the 
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phase-change process27,29. Surface energy and wettability33,108,109, hydrodynamic and 

thermal resistances28,34, liquid properties110, and capillary wicking36,37,39,111 can be named 

as most effective factors involved in liquid-vapor cooling.   

Boiling with the high latent heat of vaporization has been utilized in various 

forms such as pool boiling112–114 and flow boiling52,115,116 for thermal management 

purposes. In pool boiling, the upper limit of the heat removal, i.e., the critical heat flux 

(CHF), is controlled by dynamics of bubble nucleation, growth, and departure117,118. The 

CHF happens as a result of a notable decrease in the heat transfer coefficient (HTC) when 

a film of vapor forms near the solid surface. Enhancing the CHF through the improving 

of bubble nucleation site, surface area extension, wettability, and wickability is of great 

interest to researchers119,120. Many micro/nano structures were fabricated to facilitate the 

solid-liquid interaction to promote the dynamics of the pool boiling. However, the 

maximum reported heat fluxes121,122 are less than 300 W/cm2. The enhanced CHF can be 

seen in flow boiling as a result of external fluid pumping which elevates the liquid 

feeding to nucleation sites and improves the bubble departure speed91,123,124. The flow 

boiling in microchannels has explored vastly as a promising phase-change process 

because of its capability of removing large amount of heat from small areas. The high 

heat fluxes of flow boiling in microchannels mostly contributed to the microlayer thin 

film at the walls of the channels125. The dynamics of the nucleation and growth is dictated 

by the microlayer. Therefore, better understanding of thin film evaporation offers 

valuable insights to find how to increase flow boiling limits in confined structures. When 

a boiling regime forms in a confined microstructure, the vapor bubbles start to grow and 

fill the entire channel cross-section. By continuous growth of vapor core, the rewetting 
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flow is not able to reach the downstream of the channel and this mechanism triggers the 

CHF due to overheating116. Hence, it can be concluded that a separate liquid and vapor 

pathway will progress the boiling dynamics and result in a higher CHF with lower wall 

superheat86. 

Moving from pool boiling to thin film evaporation occurs with the corresponding 

decrease in the liquid film thickness. A new balance between thermal and hydraulic 

resistances is expected due to the film thickness reduction. Lower thermal resistance and 

shorter path for vapor to escape lead to higher HTC and consequently higher CHF. To 

further investigate the thin film evaporation, various micro/nano structures were studied. 

In a design by Lu et al.126 thin film evaporation on a suspended ultrathin membrane is 

explored. The top side of the Si3N4 is deposited by gold to perform as the RTD heater. 

The hydrocarbonated Au heater and specific flow rate prevent the flooding of water on 

the membrane. The water was confined within the pores and contributed to a pure 

evaporation with high interfacial heat fluxes of ≈ 500 W/cm2. Two main mechanism are 

responsible for such a high heat flux in pure evaporation regime. Firstly, the ultra-thin 

thickness of 200 nm reduces the transport resistance forces dramatically running to 

extremely fast water delivery to the liquid-vapor interface. Secondly, the conduction 

resistance in liquid is controlled by the water radius (65 nm) confined in nanopores. A 

parametric study by Wilke et al.83 shows the transition from flooding state to a thin film 

evaporation on an AAO membrane. The focus of this study is on different parameters 

including pore size, porosity, and meniscus location involved in pure evaporation regime. 

The comparison between various pore sizes reveals its influence on boiling regime before 

entering the pore-level pure evaporation. For larger pore sizes, the transition to pore-level 



	
31	

evaporation appears at higher heat fluxes and superheat. To further examine the pore size 

effect, Li et al.101 experimentally studied the evaporation kinetics at the liquid-vapor 

interface of a nanopore for both hydrophilic and hydrophobic single pore. The highest 

heat flux in pure evaporation regime with no nucleate boiling is reported by Hanks et al.85 

for a ultra-thin silicon membrane which is supported on microchannels. The high 

permeability and increased capillary pressure in this configuration is enlightened by using 

low surface tension fluids such as pentane and R245fa. The contamination accumulation 

in the liquid in known as the limiting factor for reaching higher heat fluxes not the 

capillary pressure in nanopores. 

2.2 Motivation and Scope of the Present Work 

           In this work, we investigate the heat transfer performance of planar AAO 

membranes with averaged pore diameter of 80 nm and thickness of 60 µm. The test is 

performed in an experimental setup designed with specific features to reveal the potential 

of thin porous membranes for dissipating high heat fluxes in high power electronics. The 

coolant is DI water and supplied with a constant rate to the membrane by a syringe pump. 

Heat is generated in the Platinum heater on the top side of the membrane. A high heat 

flux of 560 W/cm2 is achieved in the thin film boiling regime. A critical analysis explains 

the physics involved in this phenomenon and the contribution of effective parameters in 

enhanced CHF and HTC. A structural characterization of AAO membrane has been also 

presented. 

2.3 Experimental Procedure 

The nanoporous AAO membrane was characterized by SEM and AFM as shown 

in Figure 2.1 and Figure 2.2. Figure 2.1 demonstrates the top view, tilted view, and cross-
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sectional SEM images of the membrane with averaged pore diameter of 80 nm and 

thickness of 60 µm . A better understanding of AAO membrane structure and its 

roughness can be found in Figure 2.2 which displays the AFM image of the surface. The 

average porosity of AAO membrane is calculated with Image J analysis of SEM images 

of three different membranes which is 34.90±	2.65% . The pore size shape and 

distribution is shown in Figure 2.3.  

 

Figure 2.1 SEM images of (a) top view, (b) tilted view, and (c) cross-sectional view. 

 

Figure 2.2 AFM image of AAO membrane with pore diameter of 20 nm. 

(a) (b) (c)
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Figure 2.3 (a) SEM of AAO membrane (b) Pore distribution on AAO membrane characterized by Image J, 
and (c) Pore distribution graph.  

 
A thin film (50nm) of Platinum (Pt) was sputtered on the AAO membrane with an 

area of 8 mm	× 6 mm to serve as both heater and RTD. In the next step, two thick (1µm) 

Copper (Cu) pads were deposited by an e-beam evaporator as electrodes on two sides of 

the membrane. A thin layer of Ti and Cr were used as adhesion layers for Pt and Cu, 

respectively. All RTD heaters were calibrated prior to each experiment in a convective 

oven (Figure 2.4). The resistance was measured using a Keithly 2100 Digit Multimeter 

from 25 ℃ to 60 ℃ at a step of 5℃. A K-type thermocouple was placed in a very close 

distance (around 1mm) on top of the heater to measure the air temperature in a very close 

distance to the membrane. Each temperature step has been held for 1 hour before 

resistance measurement to reach the steady-state. A linear relation between resistance and 

temperature was attained as demonstrated in Figure 2.5. The average Temperate 

Coefficient of Resistivity (TCR) is 0.0022/ºC, which is less than the bulk metal 

(0.0039/ºC).  
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Figure 2.4 Two ports of Multimeter are connected to the copper electrodes to measure the Pt heater 
resistance with a K-type thermocouple attached to 1 mm above of the membrane for reading 
temperatures. The whole setup is placed in a convective oven. 

 

 

Figure 2.5 Platinum resistance changes vs. temperature. 

 

Then, the AAO membrane was attached on a custom made PTFE holder and 

sealed with epoxy glue. The PTFE is a good thermal insulator and avoids heat losses 

through the supporting stage. After epoxy was completely cured, the holder with attached 

membrane on top was placed inside a vacuum chamber (Figure 2.6). The vacuum 

chamber is a stainless-steel evaporation chamber with four view ports and is connected to 
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a pressure transducer (INFICON, CDG045D) with an accuracy of 0.15% of the read 

value. All the non-condensable gases were evacuated, and pressure of the chamber was 

reduced to less than 2 kPa. Moreover, a fluid degassing platform was utilized to remove 

the dissolved gasses from the water before entering to the liquid chamber. The water kept 

in a glass flask and stirred and heated on a hot plate with temperature of 40 ℃. At the 

same time, a roughing pump (Kurt J Lesker, KJLC-RV224) evacuated the dissolved 

gasses and continued to perform for at least 1 hour before each test. The degassed water 

was later transferred to the liquid vacuum chamber to get pressurized with nitrogen gas 

and reach a preset pressure before entering the vapor chamber and wetting the membrane. 

The water pressure was set at 1 bar. A connected pressure gauge to the liquid chamber 

indicates the water pressure. By opening the connection valve between the water chamber 

and syringe, the pressurized water filled the syringe and later got delivered to the sample 

through the applying force by syringe pump. A schematic of the experimental setup is 

demonstrated in Figure 2.7. To avoid the mechanical failure in the membrane due to high 

pressure difference of water and vapor chamber, the nitrogen gas is injected into the 

vapor chamber to provide the same pressure as water. After pressure stabilization in both 

water and vapor chamber, water was supplied to the test membrane by employing the 

constant flow rate by syringe pump. The flow rate kept uniform through the whole test 

time. The heating power was applied to the Pt heater by a DC power supply (Keysight 

N8761A). Two Cu foils were also used between Cu electrode pads on the membrane and 

screws which are connected to power supply ports. A four-probe method was utilized to 

measure the applied heat and temperature change of the heater. In the RTD method, 

voltage was increased gradually until the CHF is reached. A LabVIEW program 
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measured the corresponding current to each voltage to obtain the resistance and 

consequently the temperature of the calibrated heater. A minimum time step of 30 

seconds is considered between each incensement in the voltage to reach stabilization. 

Afterwards, the CHF and superheat is calculated and presented for different cases. A 

camera was positioned on the top view port to capture the transition from the flooded 

stage (pool boiling) to the thin film boiling. Figure 2.8 depicts images of different 

sections of experimental setup. 

 

Figure 2.6 Attachment of AAO membrane on PTFE holder. 

 

 

Figure 2.7 Schematic of experimental setup. 
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Figure 2.8 Experimental setup including stainless-steel vapor chamber, liquid chamber, water degassing 
platform, and water delivery system consisting of syringe and syringe pump. 

 
In this experiment, heat is dissipated through convection in the fluid, latent heat, 

and conduction in the experimental sample holder. The measured heat loss in the 

experimental fixture presented in the Figure 2.9. To measure the heat loss, heat flux is 

applied on a sample in the vapor chamber with completely similar conditions as it has in 

the main test. The only difference is no water supply to the membrane. The maximum 

heat loss is 0.24 W or 0.48 W/cm2 which is much less than the acquired heat flux (560 

W/cm2) by latent heat and convection in water. 
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Figure 2.9 Conduction heat loss as a function of heater surface temperature. 

 

2.4 Results and Discussion  

                    In this study, we measured the dissipated heat from the porous membranes by 

applying heat through power supply and feeding the sample with DI water as the coolant. 

A constant flow rate is applied to pass water through the nanopores and wet the 

membrane to the point of forming a thick layer (few millimeters) of water on top surface.   

Figure 2.10a demonstrates the water formation on the membrane which involves single 

phase convection. This flow rate is large enough to overcome the viscous forces which is 

defined by membrane thickness, but yet smaller than a value to be accounted as flow 

boiling. So, convective boiling does not play a role inside the nanopores through the 

water transfer. The small size of nanopores (80 nm) only contributes to high capillary 

pressure and is decoupled from the viscous resistance82. As applied heat flux elevates, by 

increasing wall superheat, bubble nucleation starts to form as it is exhibited in Figure 

2.10b, and heat transfer enters the pool boiling regime. The size of bubbles enlarges with 
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amplified applied power which results in dissipating more heat. Transferring more heat at 

liquid-vapor interface narrows the thickness of water layer for a constant mass flow rate 

(Figure 2.10c-d). Further decrease in liquid thickness reduces the barrier for bubble 

departure and changes the boiling regime from pool boiling to thin film boiling. The thin 

film boiling is displayed in Figure 2.10e with water thickness of tens of microns which is 

two orders of magnitude smaller than the pool boiling. The calculation of the liquid 

thickness in film boiling is presented in the next section. The increase in heat flux 

continued until the dryout is arrived at CHF. As shown in Figure 2.10f, at dryout stage, 

water flow is not enough to cover the surface and will cause a huge rise in wall superheat 

which eventually leads to membrane failure. The membrane is covered with liquid the 

whole time of experiment except for the last dryout stage. At the emergence of CHF, 

small vapor bubbles start to coalescence and create local hot spots at different locations. 

Figure 2.11 displays the dryout region on a tested AAO membrane. 

 

Figure 2.10 Transition in heat transfer mechanism on AAO membrane starting from (a) single phase  
convection to (b-d) pool boiling, (c) thin film boiling, and finally (d) dryout. 
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Figure 2.11 Dryout area and hot spots locations appeared on the membrane surface after reaching CHF. 

 
Figure 2.12a illustrates the dissipated heat flux versus wall superheat for three 

different mass fluxes including 5 ml/min, 15 ml/min, and 17 ml/min. The reported heat 

flux in Figure 2.12a is the applied heat by power supply divided by the heater area. As it 

shown, a similar behavior for all three mass fluxes is observed. The heat transfer 

mechanism starts with simple convection followed by bubble nucleation, and then pool 

boiling begins. By advancing the pool boiling, more water is evaporated, and the liquid 

thickness lessens leading to thin film boiling initiation. The negative slope corresponds to 

the later stage of thin film boiling regime denoting the reduced wall superheat at higher 

heat fluxes as a consequence of improved heat transfer coefficient (HTC). In thin film 

boiling, as heat surges, the disjoining pressure increases by reduction in liquid layer 

thickness helping liquid molecules to escape from the microlayer at evaporating 

meniscus127. Here, to understand how liquid layer thickness varies, the thermal boundary 

layer thickness of nucleate boiling at the beginning of thin film boiling and CHF are 

calculated based on an equation provided by Tien128 which is as follows, 

                                             ℎ𝛿8- = 3.22	𝑘                                                       (2.1) 

Dryout region

Local 
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where ℎ is the averaged heat transfer coefficient, 𝛿8- is thermal boundary layer thickness, 

and 𝑘 is liquid thermal conductivity. The 𝛿8- is around 170 µm at the pool to thin film 

boiling transition occurring at heat flux of around 50 W/cm2 and wall superheat of 40 ℃. 

The thermal boundary thickness recedes to 18 µm to 52 µm at the CHF for the highest to 

lowest flow rate, respectively. The reduced liquid thickness significantly affects the 

thermal resistance in liquid layer. As a result of lower thermal resistance, at high heat 

fluxes, the water temperature reaches close to the wall temperature. An order of 

magnitude change in thermal boundary thickness influences the bubble diameter size. To 

confirm this, maximum diameter of bubbles in the superheated liquid film is estimated 

according to Zuber129 as follows, 

                                                                𝐷< = ∆>	?@AB
C	AD

EF>
G

                                            (2.2) 

where 𝐷<, ∆𝑇 , 𝑐J, 𝜌L, 𝜌M, 𝑘, 𝐿, and 𝑞  represents the maximum diameter, wall superheat, 

specific heat, liquid density, vapor density, liquid thermal conductivity, latent heat of 

vaporization, and heat flux, respectively. The maximum bubble diameter close to CHF is 

~15.8 µm for flow rate of 17 ml/min corresponding to maximum CHF. The bubble size 

variation from few millimeters at the beginning to 15.8 µm at thin film boiling boosts the 

dynamics of growth and departure considerably. The enhanced boiling process can also 

be understood from the continuous increase in HTC as elucidated in Figure 2.12b. The 

enhancement of pool boiling relation with bubble size and departure frequency is also 

investigated with Shin et al.117. As depicted in Figure 2.12a, increase of mass flow rate 

results in delayed transition to thin film boiling and achieving higher CHF due to more 

available liquid.  
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Figure 2.12 (a) Heat flux vs. wall superheat, and (b) Heat transfer coefficient as a function of heat flux. 

 
In addition to aforementioned mechanisms for enhanced heat fluxes in this study, 

the fast replenishment of water to nucleation sites notably improves the boiling process 

leading to higher CHF. The reason for this matter is the separate liquid-vapor pathways 

for nanoporous AAO membrane. The generated vapor at the top of the membrane 

diffuses to the vapor chamber while the water is supplied from the bottom side of the 

membrane. Moreover, the short pitches of less than 100 nm between the pores, facilitates 

the liquid feeding in lateral direction on the membrane as well.  

 Figure 2.13 displays the wall superheat variation as a function of time which is 

originated from the increase in heat flux. The results for mass flow rate of 17 ml/min is 

shown in Figure 2.13a-b. The gradually increased wall superheat continued to the point 

where thin film boiling enters an inertia-controlled bubble growth regime. As heat flux 

enhances at this stage, wall superheat continues to drop due to higher heat transfer 

coefficient as a consequence of lower thermal resistance and shorter path for vapor to 

escape. The temperature is almost stable and uniform at each specific heat flux. As Figure 

2.13 claims, higher mass flux increases the CHF by feeding more liquid to the membrane 
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active sites. A Reduction in the thickness promotes this feeding process by diminishing 

the resistance losses in the water pathway. Moreover, the role of surface tension on 

dynamics of boiling process can be investigated by applying surfactants on top side of 

membrane in future studies.  

 

Figure 2.13 Wall superheat and heat flux incensement for mass flux of (a-b) 17 ml/min, (c-d) 15 ml/min, 
and (e-f) 5 ml/min. 

 

2.5 Summary  

In conclusion, we investigated the thermal performance of nanoporous planar 

membranes with water as the cooling liquid. The high heat flux of 560.4 W/cm2 is 
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attained and the responsible reasons for it are discussed. A separate pathway for liquid 

and vapor provides faster water replenishment to nucleation sites. In addition, boiling 

regime in a thin liquid layer film improves the rate of bubble departure because of 

reduced thermal conduction resistance and shorter route for dissipating heat. These 

mechanisms are accountable for increase in boiling slope to eventually a negative slope. 

This study illuminates the importance of planar nanoporous membranes for removing 

heat from high power devices.  
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Chapter 3: Stress-Localized Durable Anti-Biofouling Surfaces 

Growing demands for bio-friendly antifouling surfaces have stimulated the 

development of new and ever-improving material paradigms. Despite notable progress in 

bio-friendly coatings, the biofouling problem remains a critical challenge. In addition to 

biofouling characteristics, mechanically stressed surfaces such as ship hulls, piping 

systems, and heat exchangers require long-term durability in marine environments. Here, 

we introduce a new generation of anti-biofouling coatings with superior characteristics 

and high mechanical, chemical and environmental durability. In these surfaces, we have 

implemented the new physics of stress localization to minimize the adhesion of bio-

species on the coatings. This polymeric material contains dispersed organogels in a high 

shear modulus matrix. Interfacial cavitation induced at the interface of bio-species and 

organogel particles leads to stress localization and detachment of bio-species from these 

surfaces with minimal shear stress. In a comprehensive study, the performance of these 

surfaces is assessed for both soft and hard biofouling including Ulva, bacteria, diatoms, 

barnacles and mussels, and is compared with that of state-of-the-art surfaces. These 

surfaces show Ulva accumulation of less than 1%, minimal bacterial biofilm growth, 

diatom attachment of 2%, barnacle adhesion of 0.02 MPa and mussel adhesion of 7.5 N. 

These surfaces promise a new physics-based route to address the biofouling problem and 

avoid adverse effects of biofouling on the environment and relevant technologies. 

Some parts of the following chapter first prepared in Soft Matter 2019, 15, 6014-6026 

[99] 

Title: Stress-Localized Durable Anti-Biofouling Surfaces 
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Authors: Bahareh Eslami, Peyman Irajizad, Parham Jafari, Masoumeh Nazari, Ali 

Masoudi, Varun Kashyap, Shane Stafslien, and Hadi Ghasemi.  

3.1 Background 

Biofouling is an outcome of undesired marine organisms’ accumulating on 

surfaces. It impacts a variety of industries such as naval, heat exchangers, piping systems, 

and medical fields130–133 adversely. Any engineered structure immersed in water is prone 

to irreversible settlement of fouling organisms on it which leads to both economic and 

environmental penalties1,134. Marine fouling on ship hulls increases the hydrodynamic 

drag resistant forces leading to lesser maneuverability of vessels and higher fuel 

consumption. This inevitably gives rise to emission of harmful compounds134–136. 

Moreover, it accelerates surface corrosion, damage to protective coatings and required 

cleaning maintenance at a cost of billions of dollars a year to the maritime industry131,137. 

The estimated cost due to fouling for the US Navy fleets, which represents only 1% of 

world fleets in numbers, is approximately $200M per year130,135. Hence, development of 

new materials to solve biofouling problem is of immediate importance. 

Fouling process initiates with the formation of conditioning film induced by 

accumulation of physically adsorbed organic molecules (proteins, polysaccharides, 

glycoproteins) as a precursor to microfouling settlements, including bacteria, fungi, and 

protozoans138–141. This colonization is governed by Brownian motion, electrostatic 

interactions and Van der Waal’s forces142,143. The growth development proceeds with 

macro-fouler establishments such as barnacles, mussels, hydroids, and tubeworms144,145. 

The diversity of fouling organisms including their diverse adhesion mechanisms leads to 
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complexity in design of anti-biofouling coatings130. Fundamental understanding and 

manipulation of the adhesion mechanism and stability of the responsible forces of the 

adhesive complex to the substrate are paramount to develop highly efficient and reliable 

antifouling surfaces146,147. The progress of antifouling surfaces is attributed to 

modification of effective parameters such as topography148,149, roughness150, surface 

energy151,152, and elasticity modulus153. Historically, toxic antifouling agents containing 

biocides such as lead, arsenic, mercury and their organic derivatives were used on ship 

hulls. Tributyltin (TBT), a revolutionary self-polishing copolymer was the most 

successful in combating bio-fouling in ships and was estimated to cover 70% of the 

world’s fleet154. However, its use was banned globally in 2008 by the International 

Maritime Organization (IMO) due to severe shellfish deformities and the 

bioaccumulation of tin in some ducks, seals and fish155–158. Numerous investigations have 

been conducted to substitute the biocidal toxic surfaces with biocompatible fouling 

resistant coatings155,159 including silicone elastomer based materials138, fouling release 

paints130,160–163, organogels164,165, fluoropolymers162, Poly (ethylene glycol)166,167, 

slippery liquid-infused porous surfaces (SLIPS)168–172, Zwitterionic173–176, 

Polydimethylsiloxane-based materials177,178, and bio-inspired micro/nano topographical 

surfaces179–181. The zwitterionic polymers have received increasing attention over the 

recent years for their promising ultralow fouling and antibacterial properties. Surface 

hydration layer is the main antibacterial mechanism responsible for repelling the bacteria 

and fouling species. Strong hydrogen-bond of water molecules at the polymer surface and 

electrostatic interactions improve their performance. However, lack of long-term 

durability and mechanical stability have limited the effectiveness of theses anti-
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biofouling coatings. Various durability tests should be conducted to qualify antifouling 

surfaces for marine environment. It is also noteworthy that applicability of coating 

techniques in large scales is an essential parameter in the naval industry. 

3.2 Motivation and Scope of the Present Work 

Here, we present a new generation of durable anti-biofouling materials called 

stress-localized surfaces. These surfaces are based on a new physics, stress-

localization182, developed to minimize adhesion of solids on a surface. This physics is 

implemented in stress-localized surfaces and their superior anti-biofouling performance is 

demonstrated.  In a comprehensive assessment, adhesion of five different marine 

organisms is analyzed on these coatings. The performance of these stress-localized 

coatings was investigated in comparison with state-of-the-art silicone elastomer-based 

fouling-release coatings including Polydimethylsiloxane (PDMS), Silastic 2, 

polysiloxane and Intersleek 700. We demonstrated superior mechanical, chemical and 

environmental durability of these surfaces. Furthermore, on-site reparability of the 

coatings is demonstrated by spraying the coatings on the damaged area.  

3.3 Sample Preparation 

                    The physics of stress-localization and mathematical derivations is discussed in our 

recent publication182. These surfaces are composed of two phases: phase (I) with high 

shear modulus and phase (II) with low shear modulus, Figure 3.1. Phase I is an elastomer 

with high shear modulus and phase II is organogel particles consisting of tuned liquid 

organic phases entrapped within a solid phase (three-dimensionally crosslinked gel 

network). The shear stress for detachment of a solid from elastomers (σ) is proportional 
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to shear modulus of elastomers (σ ∝ G)183. That is why gels with low shear modulus 

have minimal adhesion to solid objects. In the stress-localization concept, visualized in 

Figure 3.2, once a solid (which here is a bio-foul) attaches to the coating, at the solid-

coating surface, we have two interfaces, solid-phase I and solid-phase II. If the solid is 

exposed to a shear rate, solid locally detaches from phase II as phase II has low shear 

modulus. The detachment of solid from phase II forms some cavities at the solid-coating 

surface as shown in Figure 3.2b. Note that imposed shear stress forms cavities at the 

coordinate of phase II. The cavities at the interface localize stress at the periphery of the 

cavities. This localized shear stress opens the cavity and leads to detachment of solid 

from the coating. The stress-localization effect at the interface can reduce the shear stress 

for detachment of solid from the substrate by an order of magnitude compared to a 

material with the same shear modulus. We could also predict the stress-localization effect 

through first-principles as discussed in our previous work182.  

As shown in Figure 3.2a, we visualized the stress-localization effect through a 

developed experimental setup. A glass prism is attached to a stress-localized surface. The 

interface of the glass and the stress-localized surface is visualized through a high-speed 

imaging camera and a microscope. As shown in Figure 3.2b, by a small shear force, the 

cavities are formed at the coordinates of phase II. The fringes show the growth of the 

cavities. The growth of these cavities leads to final detachment of solid from the stress-

localized surface.  

Through mathematical formulation of the problem, the adhesion on stress-

localized surfaces is written as184  
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                                          𝜎T = 	𝑔 𝜑WW 	
X
L
	 YZ	[\

-
                                                (3.1) 

where g φWW  denotes the stress-localization function, a  and l  are the geometrical 

parameters in the adhesion measurement setup (Figure 3.2c), φWW  is the volumetric 

fraction of phase II, Wb  is the work of adhesion of the material, and	Gc  is the shear 

modulus of the material. The value of stress-localization function varies between 0 and 1. 

It is demonstrated that this function reduces adhesion of a solid on a surface by an order 

of magnitude (i.e., g φWW =0.1)184. Here, we implemented the same concept in anti-

biofouling surfaces. Phase I in these structures is silicon elastomer with tensile strength of 

8 N/mm2, Shore hardness A of 30, tear strength of 13.5 N/m. The procedure for 

development of the organogels are as follow: 10 mL of Sylgard 184 base was mixed with 

1 mL of Sylgard 184 curing agent. 100 mL of an organic liquid (i.e., 

Polydimethylsilaxone) was added to this mixture. The solution was then vigorously 

mixed to obtain a homogeneous solution. The precursor sample was heated at 100 °C for 

4 hrs in a petri dish. The final product is a non-syneresis organogel. Non-syneresis 

property of organogel comes from miscibility of silicone oil with PDMS before and after 

gelation185. Once phase II was developed, it was crushed in the presence of silicon oil for 

10 mins to avoid aggregation of gel particles. The solution was filtered to remove excess 

oil. The final product is a batch of gel particles with dimension in the range of 2-20 µm. 

It should note that shape and size of the organogels can significantly affect the stress-

localization that needs to be studied in detail in future works. The particles were mixed 

with the elastomer in a pre-defined concentration. The solution was diluted with a 

solvent, Hexamethyldisilaxane, to reduce viscosity for spraying on a surface. Developed 

samples of ABF 1, ABF 2, and ABF 3 consist of 50%, 33% and 25% of phase II, 
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respectively. 

 

Figure 3.1 (a) and (b) Schematic of water flow including marine organisms (diatom Navicula, Ulva spores, 
bacterium, Mussels, and barnacles from left to right) over stress-localized coatings and its anti-
biofouling property.  

 

 

Figure 3.2 (a) Schematic of experimental setup to exhibit stress-localization mechanism. (b) Interfacial 
cavities formed at phase II coordinate due to their low shear modulus. (c) The geometrical 
parameters in surface adhesion measurements.  	

Scanning Probe Microscopy (SPM, Bruker Multimedia 8) was used to 

characterize mechanical and surface properties of the anti-biofouling coatings and the 

settled biological cells on the coating. SPM was set on ScanAsyst mode in air using 

Silicon Tip on Nitride cantilever. This mode allowed us to study adhesion behavior of the 

(b)

Substrate

(a)

Water Flow

Substrate

phase (I)phase (II)
M

ic
ro

sc
op

e

ABF 
sample

Glass

Force gauge Moving 
stage

(a) (b)
High 

speed 
camera

F
100 !"

100 !"Rigid Substrate
ABF Coating

Solid 
Object

Force

a

l

h

(c)



	
52	

cells giving the information of preferred attachment coordinate and cell accumulation. 

3.4 Biofouling Assays 

The studied fouling organisms belong to two main categories. They are 

‘microfouling’ (i.e., Ulva spores, bacteria Cytophaga lytica, and diatom Navicula) and 

‘hard macrofouling’ (i.e., barnacle and mussel). We utilized an environmental chamber 

(Carolina Biological Supply) to precisely control critical parameters such as light, 

humidity, and temperature to determine functionality of stress-localized coatings in the 

simulated marine environment. 

3.4.1 Settlement of Ulva zoospores 

All the samples were placed in petri dishes and filled with the sea water solution 

containing suspended spores. To settle Ulva spores on the surface, the suspended spores 

were diluted to an absorbance of 0.15 at 660 nm and then added to the petri dishes. The 

petri dishes were transformed to the dark environmental chamber as quickly as possible 

and incubated at 20°C for 45-60 minutes186. All the samples from each treatment were 

then washed 10 times by passing in a beaker of seawater to remove unsettled spores. To 

fix the settled cells on the substrates, an additional treatment was carried out by placing 

the samples inside 2.5% glutaraldehyde solution for 10-15 minutes. 

3.4.2 Attachment and Adhesion of Bacterium C. lytica and Diatom Navicula 

Initial cell attachment and biofilm growth of algae were assessed before water jet 

adhesion analysis. 
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Bacterium C. lytica: A 5% suspension of bacterium in ASW + nutrients (~ 107 

cells.ml-1) was prepared and 1 ml was added to each well of a 24 well-plate. A 24 well-

plate was used to study characteristics of bio-species on the surface. The circular coupons 

were coated uniformly by ABF and other coatings with the same thickness of 100 µm and 

were placed in the wells. Plates were incubated at 28 ºC for 24 hours to facilitate bacterial 

attachment and colonization. Then, plates were rinsed three times with DI water and 

stained with crystal violet. Images for analysis were taken after staining and extraction of 

crystal violet in 33% acetic acid (AA). The resulting eluates were measured for 

absorbance at 600 nm. After 24 hrs of bacteria settlement, water jet adhesion was 

conducted for 5 seconds at pressure of 10 and 20 psi. 

Diatoms Navicula: Diatoms were diluted to an optical density (OD) of 0.03 at 660 

nm in artificial sea water (ASW) supplemented with nutrients. 1 ml of the diatom 

solution was added to each well and allowed to incubate in static condition for 2 hours to 

facilitate cell attachment. For biofilm growth analysis, the wells were incubated for 48 

hours. Cell attachment and biofilm growth were quantified by fluorescence 

measurements of dimethylsulfoxide (DMSO) extracts of chlorophyll. Cell 

attachment/solution growth was reported as fluorescence intensity (relative fluorescence 

units). After 2 hrs of cell attachment, water jet adhesion was carried out for 10 seconds at 

pressure of 10 and 20 psi. 

3.4.3 Attachment and Adhesion of Hard Macrofouling Barnacle and Mussel 

To examine attachment and adhesion of barnacles, six A. amphitrite barnacles 

were immobilized on the surface of the coatings. Coatings were analyzed after 2 weeks of 
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reattachment with daily feedings of brine shrimp. In order to investigate adhesion 

behavior of mussel Geukensia demissa, coatings were analyzed after 3 days of 

attachment with two feedings of phytoplankton. A tensile force gauge, mounted to an 

automated stage, was used to measure the force required to completely remove attached 

barnacles and mussels from the surfaces.  

3.5 Statistical Analysis 

The coverage percentage of species on the surfaces was measured through 

statistical analysis of images obtained from the fluorescence microscopy. To precisely 

excite and capture each species in fluorescence microscope, filters with different 

excitation and emission spectra were utilized.  

3.6 Results and Discussion 

3.6.1 Bio-Friendly Characteristics 

These analyses were conducted after 14 days of water immersion preconditioning. 

Leachate toxicity for C. lytica was assessed by introducing the bacterium into overnight 

extracts (artificial sea water with nutrients) for each coating and evaluating growth after 

24 hrs via crystal violet colorimetric assay. Growth in coating leachates was reported as 

an absorbance ratio (600 nm) to a growth control. A series of negative growth controls 

(medium + bacteria + triclosan (Tc)) and positive growth control (G+) were also included 

in the analysis. The results are shown in Figure 3.3a. All the ABF coatings and other 

control samples show no toxicity. 

Leachate toxicity for diatoms was assessed by introducing the microalgae into 
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overnight extracts (artificial sea water with nutrients) for each coating. Growth evaluation 

was measured after 48 hours via fluorescence of chlorophyll and reported as a 

fluorescence ratio to a positive growth control (fresh nutrient medium). A negative 

growth control (medium + bacteria + triclosan) was also included in the analysis. The 

results are shown in Figure 3.3b. Similar to C. lytica, no toxicity was observed for all the 

samples.  

 

Figure 3.3 Assessment of leachate toxicity of ABF coatings and state-of-the-art coatings for (a) bacterium 
C. lytica after 24 hrs, and (b) diatom Navicula after 48 hrs. Error bars represent one standard 
deviation of the mean. 

 

3.6.2 Ulva Attachment 

Fouling formation is an outcome of the initial attachment of swimming Ulva 

zoospores to a suitable surface which forms sporelings adhesion consequently.187 Once 

settled, the spores start to secrete the adhesive extracellular matrices which is a 

polydisperse, self-aggregating hydrophilic glycoprotein. They then undergo cross-linking 

with a corresponding rise in adhesion strength188,189. Mechanical properties of secreted 

adhesive and surface properties of Ulva spores is studied through SPM. Figure 3.4a 
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shows morphology of the spores on the surface and how they settle down on the 

substrate. For Ulva attachment, glycoprotein acts as an adhesive matrix (similar to EPS in 

diatoms attachment) and keeps the cell in contact with the surface which will be 

explained in more detail later190. In SPM, adhesion is characterized by pull-off force 

which measures adhesion between cantilever and substrate191. Adhesion work is defined 

as pull-off force divided by the tip radius191. As shown in Figure 3.4b, the highest 

adhesion belongs to glycoprotein formed around the cell. Figure 3.4c and 3.4d depict 

SPM cantilever deformation and modulus of elasticity of spores, respectively. By 

comparing Figure 3.4c and 3.4d, dependence of the cantilever deformation on the 

modulus of elasticity is evident. The regions with highest elasticity show lowest 

cantilever deformation. The anti-biofouling property of stress-localized coatings is 

compared with PDMS in Figure 3.4e-3.4f. As shown, the stress-localized surface shows 

remarkable reduction in concentration of Ulva on the surface compared to PDMS.  

Statistical analysis of the fluorescence microscopy images reveals the concentration of 

Ulva spores on a surface in terms of percentage of colony coverage area. The analysis 

shows concentration of 8% for PDMS sample, while this value reduces to less than 1% 

(0.9 %) for ABF. 

As discussed in the literature192,187, low modulus of elasticity and critical surface 

tension are major determinants to low adhesion of spores and sporelings. However, low 

modulus of elasticity leads to poor mechanical durability of the coatings. Here, through 

the idea of stress-localization, we have achieved both low adhesion of spores on the 

surface and high mechanical durability. 
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Figure 3.4 SPM analysis of Ulva on ABF coating showing (a) height graph, (b) adhesion, (c) deformation, 
and (d) elasticity modulus. Ulva spores attachment has been compared between (e) PDMS 
control sample and (f) ABF1. 

 

3.6.3 Attachment and Adhesion of Marine Bacterium, C. lytica 

Bacterium C. lytica as a component of microbial biofilm provides cues for 

settlement of other organisms on man-made structures193. The results from the 

experimental assessment of biofilm growth and bacterium attachment are illustrated in 

Figure 3.5. Biofilm growth was reported as the mean absorbance value of three replicate 



	
58	

samples after 24 hours in Figure 3.5a. All the ABF coatings demonstrate smaller bacterial 

biofilm growth compared with state-of-the-arts. In the following step, the covered area 

was measured as presented in Figure 3.5b indicating the best result for ABF3, which is 

almost 20% less than Intersleek 700. Figure 3.5c shows the coated surfaces partially 

covered by bacterium C. lytica.  

 

Figure 3.5 (a) Bacterial biofilm growth after 24 hours for ABF coatings, Silastic T2, Intersleek 700, and 
Polyurethane (PU). (b) Comparison of surface coverage for ABF and Intersleek 700. (c) 
Graphical representation of bacterial attachment on the coatings. 

Water jet adhesion was carried out after 24 hours of bacterial biofilm growth. The 

first column of each plate was not treated and served as the measure of biofilm growth 

before water jetting. The second and third columns of each stress-localized ABF coating 

were jetted for 5 seconds at a pressure of 10 psi and 20 psi, respectively. Biofilm 

adhesion was reported as a function of percent removal, Figure 3.6a, and remained 

biomass measured by colorimetric method via crystal violet absorbance, Figure 3.6b. 

Based on the results, ABF3 possesses highest removal percentage as well as the lowest 

remained biomass. 
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Figure 3.6 (a) Biofilm removal by exposing to water jet for two different pressures of 10 psi and 20 psi. (b) 
Remained biomass after exposure to water jet. Error bars represent one standard deviation of 
the mean. 

 

3.6.4 Attachment and Adhesion of Diatom Navicula 

The motility of the diatoms in contact with a surface enable them to migrate and 

find the most suitable coordinate for settlement194,195. Coordinate selection is not random 

but highly strategic and is based on diatom’s potential to search for existing stalks. As 

diatoms seek out to find a proper coordinate, they secrete adhesive material called 

extracellular polymeric substances (EPS)138,196,197. This material acts as a bridge between 

raphe and surface which results in deposition of a trail on the surface198 and holds 

diatoms on the surface199. EPS is divided into two forms: bound EPS including tightly 

bound (TB) and loosely bound (LB), and soluble EPS. The bound EPS forms closely to 

the diatom and strongly bonds to it. The soluble EPS is weakly bonded to diatom and 

dissolves in the fluid environment200. Due to preference of diatoms for agglomeration, 

diatoms form a raft which constitutes of each individual EPS.194 The SPM study in Figure 

3.7a confirms this structure for EPS around the diatoms and both tightly bound and 

loosely bound EPS are highlighted . Figure 3.7b shows the deformation graph which is a 
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representative of the SPM cantilever indentation. The highest deflection of cantilever 

occurs for the softest material which is EPS in this case. Less deformation can be seen for 

diatom due to its hard silica shield201,202. Figure 3.7c represents the maximum adhesion 

for EPS and also shows the deposition of adhesive complex further away from the diatom 

on the surface. Figure 3.7d shows high modulus of elasticity of diatom compared to its 

surrounding. We analyzed the concentration of diatoms on the substrates through 

florescence microscopy. The results for PDMS and ABF3 sample are shown in Figures 

3.7e and 3.7f. As shown, the superior anti-biofouling characteristics of ABF coatings are 

evident. The concentration of diatoms on PDMS sample is 20 %, while this value for 

ABF3 coating is 2% indicating an order of magnitude drop in diatom accumulation.  

Diatom attachment and biofilm growth are shown in Figure 3.8. All the ABF coatings 

have almost the same order of diatom attachment similar to Intesleek 700, Silastic T2, 

and PU. 
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Figure 3.7 Diatom attachment and EPS formation on the surface of ABF3. (a) Height, (b) deformation, (c) 
adhesion, and (d) modulus of elasticity of diatom and EPS. Diatom attachment has been 
compared between (e) PDMS control sample and (f) ABF3. 
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Figure 3.8 Diatom attachment measured after 2 hours and biofilm growth after 48 hours of incubation. The 
fluorescence values present concentration of diatoms attached to the coatings and biofilm 
growth on the surface. Error bars represent one standard deviation of the mean. 

 

Water jet adhesion was conducted after 2 hours of initial cell attachment. The first 

column of each plate was not treated and served as the measure of cell attachment after 2 

hours. The second and third column of each coating were jetted for 10 seconds at a 

pressure of 10 psi and 20 psi, respectively. Diatom adhesion was reported as a function of 

percentage removal, Figure 3.9a, and remained biomass measured by Fluorescence 

microscopy, Figure 3.9b. For 10 psi pressure, all the samples show the same 

performance. However, for 20 psi, Intersleek 700 shows slightly better performance than 

ABF samples.  
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Figure 3.9 (a) Diatom Navicula removal by exposing to water jet for 10 seconds for two different pressures 
of 10 psi and 20 psi. (b) Remained biomass after exposure to water jet. Error bars represent one 
standard deviation of the mean.   

 

3.6.5 Attachment and Adhesion of Barnacle 

Barnacle is among the most common marine fouling organisms that has received 

considerable attention due to its strong and durable adhesive behaviour203,204. This specie 

goes through six developmental stages starting from nauplii to adult cypris stage205. 

Similar to other marine organisms, barnacle is able to sense a wide range of physical and 

chemical surface parameters to find the most suitable coordinate for settlement205. By 

secreting proteinaceous cement from the cement gland, barnacle produces strong 

adhesion after going through several functions including establishment of interfacial 

contact and molecular attraction between dissimilar materials206,207. Coatings were 

analyzed after 2 weeks of reattachment with daily feedings of brine shrimp. The number 

of barnacles that were able to attach to each surface were recorded and then reattachment 

efficiency calculated as shown in Figure 3.10a. ABF2 possesses the lowest barnacle 

attachment. Adhesion strength of barnacles was calculated then by dividing the measured 

force required to remove the barnacle by the basal area and reported in MPa. Each data 
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point is the mean value of the total number of barnacles that reattached to the coating 

surface as shown in Figure 3.10b. The small shear value required to remove the barnacle 

from ABF1, grants the privilege of high removal percentage. Adhesion strength is also 

relatively low for ABF2 and ABF3 and no significant difference can be seen with 

Intersleek 700. PU was not considered for barnacle test in this study as the result reported 

by Galhenage et al.167 which is almost 0 within the accuracy of their measurements. 

 

Figure 3.10 Assessment of barnacles (a) reattached efficiency after 2 weeks of daily feedings of brine 
shrimp, and (b) reattached adhesion on ABFs, Intersleek 700, and standard sample 
(polysiloxane). Error bars represent one standard deviation of the mean. 

 

3.6.6 Attachment and Adhesion of Mussel 

Mussels attach to hydrophilic and hydrophobic solid surfaces via adhesive 

elastomeric protein based byssal threads168. This special protein equips mussels to adhere 

to various surfaces including metals, minerals, plastics, cement, and even low surface 

energy fluoropolymers in their chemically heterogonous habbit208. Their adhesion must 

be fast and strong to avoid them from getting dislodged and dashed by incoming 

waves209. Mussel Geukensia demissa was studied for its attachment and adhesion 
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behavior. Coatings were analyzed after 3 days of attachment with two feedings of 

phytoplankton. Each data point is the mean value of all mussels that attached to the 

coating surface. The mean number of mussels settled on ABF1 and ABF2 are 

approximately half of Intersleek 700, illustrated in Figure 3.11a. The required force for 

detachment of mussels from the surface was measured by using a tensile force gauge and 

minimum belongs to ABF1 (Figure 3.11b). PU was not tested for mussels in this study 

but result reported by Galhenage et al.167 which is 10 N. 

 

Figure 3.11 (a) Evaluation of mussel attachment on ABFand Intersleek 700 coatings. (b) Required force to 
remove the mussels from the surface after measuring the attachment efficiency in (a). Error bars 
represent one standard deviation of the mean. 

 

3.6.7 Durability Test 

We assessed mechanical, chemical and environmental durability of these surfaces. 

The mechanical durability was examined through abrasion of these surfaces by files and 

sands as shown in Figure 3.12a. The abrasion test was conducted using a Taber 

Reciprocating Abraser, model 5900 according to ASTM D4060. In this test, we measured 

material removal thickness at three different loading conditions (i.e., 1N, 5N, and 10 N) 
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for 1000 abrasion cycles. Abrasion test results are presented in Figure 3.13 for all three 

ABF coatings and standard PDMS. The primary thickness of each sample is 300 µm. 

Minimum thickness loss belongs to ABF 3 which has the minimum percentage of 

organogels. The samples are durable with no sign of degradation in response to 

mechanical stresses. For chemical durability, we immersed these samples in solutions 

with pH varying from 1.1 to 13.1 and kept the samples for a duration of 48 hrs in these 

solutions, Figure 3.12b. The anti-biofouling coatings show complete integrity with no 

sign of degradation. For environmental durability, the coated samples were examined 

according to ASTM G154. In this standard, the samples are exposed to 2000 hrs cycling. 

Each cycle includes 8 hrs exposure to UV-irradiation (0.49 W/m2 nm at 310 nm at 70 °C) 

followed by 4 hrs of condensation at 50 °C. After this test, integrity of the coatings is 

examined to determine any surface defects on the surface. As shown in Figure 3.12c, the 

coatings are intact with no degradation. Finally, we demonstrated on-field reparability of 

these stress-localized coatings, Figure 3.12d. The coating was damaged by a sharp object 

and it is repaired through spraying of the new material. The sprayed material cures and 

integrates in the coating. This highlight facile implementation and application of these 

sprayable coatings compared to the other surface-modified approaches. 
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Figure 3.12 (a) Mechanical durability test of ABF3 (25% of phase (II)). (b) Different range of pH from 1.1 
to 13.1 for chemical durability test. (c) UV test for 2000 hours. (d) On-field reparability. The 
scale bar is 10 mm. 

 

Figure 3.13 Abrasion test results for ABF coatings and PDMS. Primary thickness of each sample is 300 
𝜇𝑚. PDMS sample has considered as the standard sample. ABF 3 with lowest concentration of 
organogels shows the best mechanical durability. 

 

3.7 Summary 

        In summary, we have implemented the idea of stress-localization to minimize 

adhesion of bio-species on a surface and have developed durable anti-biofouling surfaces. 

1N Abrasion load
5N Abrasion load
10N Abrasion load



	
68	

As demonstrated, these surfaces are bio-friendly and have no negative impact on marine 

environment. In a comprehensive study, we analyzed performance of these stress-

localized surfaces with soft and hard bio-species including Ulva, bacteria, diatoms, 

barnacles and mussels. ABF1 sample provides minimal attachment to diatom, Ulva, 

barnacle and mussel. The stress-localization effect is maximum for ABF1 sample (i.e.,  

(g φWW =0.1) and leads to its minimal adhesion to hard bio-species. The performance of 

ABF1 is better than state-of-the-art anti-biofouling samples. For anti-bacterial 

characteristics to minimize growth, ABF3 is the winner sample in comparison to state-of-

the-art and control samples. Lower concentration of second phase (i.e., organogel) may 

have contributed to this anti-bacterial characteristic. Stress-localized coatings provide less 

suitable environment for attachment of marine fouling organisms and allows to minimize 

adhesion of hard objects on a surface with no compromise in durability of these coatings.  
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