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Role of Role of Surface Roughness in Surface Roughness in 
Marine Foul Release Marine Foul Release 
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Some Polymer Surface Some Polymer Surface 
Modification Methods Modification Methods 

Coating of PreCoating of Pre--patterned Surfacespatterned Surfaces
Plasma Treatment, Plasma Treatment, ,,
Surface Grafting,Surface Grafting,
Fil d iti d tFil d iti d tFilm deposition under vacuum, etc.Film deposition under vacuum, etc.

Most of these methods are comparatively  Most of these methods are comparatively  
expensive  and difficult to apply on a large expensive  and difficult to apply on a large e pe s ve d d cu o pp y o gee pe s ve d d cu o pp y o ge
scale.scale.
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Polymer blending: A potential Polymer blending: A potential 
cheap surface modification methodcheap surface modification method

A polymeric component is blended with another A polymeric component is blended with another 
cheap polymer by using solvent cast method to cheap polymer by using solvent cast method to p p y y gp p y y g
modify surface roughness. Possible processes are:modify surface roughness. Possible processes are:

HomopolymerHomopolymer--homopolymer blendinghomopolymer blending
HomopolymerHomopolymer--Statistical Copolymer blendingStatistical Copolymer blendingp yp y p y gp y g
HomopolymerHomopolymer--Block Copolymer blendingBlock Copolymer blending
Statistical CopolymerStatistical Copolymer-- Statistical CopolymerStatistical Copolymerp yp y p yp y
blendingblending
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Polymer Blending ProcessPolymer Blending ProcessPolymer Blending ProcessPolymer Blending Process
When a low surface tension polymer is added to When a low surface tension polymer is added to p yp y
another polymer, it is expected that the first one will another polymer, it is expected that the first one will 
migrate to the air/coating interface during the filmmigrate to the air/coating interface during the filmmigrate to the air/coating interface during the film migrate to the air/coating interface during the film 
formation by a phase separation process and will formation by a phase separation process and will 
change the surface roughness and free energychange the surface roughness and free energychange the surface roughness and free energy change the surface roughness and free energy 
characteristics of the latter cheap polymer.characteristics of the latter cheap polymer.

Polymer mixtures demix during the rapid solvent Polymer mixtures demix during the rapid solvent y gy g
evaporation process due to intrinsic immiscibility of evaporation process due to intrinsic immiscibility of 
popolymer macromolecules within the blendlymer macromolecules within the blend..
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Parameters of BlendingParameters of BlendingParameters of BlendingParameters of Blending

= = Surface free energy of involved polymersSurface free energy of involved polymersgy p ygy p y
= Miscibility of involved polymers= Miscibility of involved polymers
= Viscosity of involved polymers at the process = Viscosity of involved polymers at the process y p y py p y p

temperaturetemperature
= Solubility of each polymer within the chosen = Solubility of each polymer within the chosen 

l tl tcommon solventcommon solvent
= Molecular weight (or chain length) of the polymers= Molecular weight (or chain length) of the polymers

S l t ti t d it ff t lS l t ti t d it ff t l= Solvent evaporation rate and its effect on polymer = Solvent evaporation rate and its effect on polymer 
film forming propertiesfilm forming properties

= Film thickness (the domination of bulk properties= Film thickness (the domination of bulk properties= Film thickness (the domination of bulk properties = Film thickness (the domination of bulk properties 
or substrate effects)or substrate effects)
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NonNon--Equilibrium Equilibrium 
Conditions DominatesConditions Dominates

When an industrial volatile solvent is used to cast the blendWhen an industrial volatile solvent is used to cast the blendWhen an industrial volatile solvent is used to cast the blend When an industrial volatile solvent is used to cast the blend 
films, the surface is not in thermodynamical equilibrium since films, the surface is not in thermodynamical equilibrium since 
the solvent evaporates relatively quickly and the polymer chainsthe solvent evaporates relatively quickly and the polymer chainsthe solvent evaporates relatively quickly and the polymer chains the solvent evaporates relatively quickly and the polymer chains 
areare mostly immobilized within the film before attainment of a mostly immobilized within the film before attainment of a 
thermodynamically favorable state.thermodynamically favorable state.thermodynamically favorable state. thermodynamically favorable state. 

In conclusionIn conclusion the surface tension forcesthe surface tension forces andand polymerpolymer solventsolventIn conclusion, In conclusion, the surface tension forcesthe surface tension forces and and polymerpolymer--solvent solvent 
interactionsinteractions play a more important role in the surface separation play a more important role in the surface separation 
of polymersof polymersof polymers.of polymers.

Walheim, S. Et al., Macromolecules 30, 4995, 1997.Walheim, S. Et al., Macromolecules 30, 4995, 1997.
Khayet M. Khayet M. eet al., Surface Science, 601, 885, 2007t al., Surface Science, 601, 885, 2007
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Definition of Spreading Definition of Spreading 
C ffi i (S) fC ffi i (S) f Li idLi idCoefficient (S) for Coefficient (S) for LiquidsLiquids

The conditions of wettability for The conditions of wettability for 
i i ibl li id i di d bi i ibl li id i di d bimmiscible liquids is dictated by immiscible liquids is dictated by 
the spreading coefficient, S:the spreading coefficient, S:

θθ
( )S γγγ +−= 12122/1

212112 coscos θγθγγ +=
( )
( )OWOWWOS γγγ

γγγ
+−=/

12122/1

Oil spreads spontaneously on the water when Oil spreads spontaneously on the water when SS ≥≥ 0, and it 0, and it 
forms a lens when forms a lens when SS << 0. Spreading occurs when a liquid of 0. Spreading occurs when a liquid of 
l f t i i l d f hi h fl f t i i l d f hi h flow surface tension is placed on one of high surface low surface tension is placed on one of high surface 
tension.tension.
Harkins W D The Physical Chemistry of Surface FilmsHarkins W D The Physical Chemistry of Surface Films Reinhold 1952Reinhold 1952Harkins, W. D., The Physical Chemistry of Surface Films,Harkins, W. D., The Physical Chemistry of Surface Films, Reinhold, 1952.Reinhold, 1952.
Erbil, H. Y., Surface Chemistry of Solid and Liquid Interfaces, Blackwell, 2006.Erbil, H. Y., Surface Chemistry of Solid and Liquid Interfaces, Blackwell, 2006.
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Use of Spreading Coefficient (S) Use of Spreading Coefficient (S) 
Concept for Concept for Polymer BlendingPolymer Blending

( )
( )

12122/1

S
S

γγγ
γγγ
+

+−=

PolymerPolymer--1 spreads spontaneously on Polymer1 spreads spontaneously on Polymer--2 when 2 when 

( )
211221 / PPPPPPS γγγ +−=

SS ≥≥ 0, 0, and it forms a lens when and it forms a lens when SS << 00. Spreading . Spreading 
occurs when a polymer of low surface tension occurs when a polymer of low surface tension p yp y
(Polymer(Polymer--1) is placed on one of high surface tension 1) is placed on one of high surface tension 
(Polymer(Polymer--2), 2), with large surface tension differences.with large surface tension differences.( y( y ),), gg

Paul D. R. and Newman, S., Polymer Blends, Academic, 1978.Paul D. R. and Newman, S., Polymer Blends, Academic, 1978.
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A numerical example A numerical example 
for S application:for S application:for S application:for S application:

( )/ PPPPPPS γγγ +−=
For PSFor PS--PMMA blends where PS solution was spin PMMA blends where PS solution was spin 

t d PMMA l ht d PMMA l h ““P lP l 22”” i PMMAi PMMA

( )
211221 / PPPPPP γγγ

coated on a PMMA layer where coated on a PMMA layer where ““PolymerPolymer--22”” is PMMA is PMMA 
with with γγ22= 41.2 mJ/m= 41.2 mJ/m22, , ““PolymerPolymer--11”” is PS with is PS with γγ11 = 40.2 = 40.2 
and their interfacial tension isand their interfacial tension is γγ1212 =3.3. Thus, S==3.3. Thus, S= -- 2.32.3and their interfacial tension is and their interfacial tension is γγ1212 3.3. Thus, S  3.3. Thus, S  2.3 2.3 
mJ/mmJ/m22 was calculated and PS protrusions were seen to was calculated and PS protrusions were seen to 
form on form on the the PMMA layer.PMMA layer.

Li Y Et l J P l S i P tLi Y Et l J P l S i P t B P l Ph 44 9 2006B P l Ph 44 9 2006Li. Y. Et al., J. Polymer Sci., PartLi. Y. Et al., J. Polymer Sci., Part B, Polym. Phys., 44, 9, 2006.B, Polym. Phys., 44, 9, 2006.
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Solvent Type EffectSolvent Type Effectypyp

DichlorometaneDichlorometane THFTHFDichlorometane                          Dichlorometane                          THF                    THF                    

PS/PMMA (50:50) 2 wt. % spin coated on SiPS/PMMA (50:50) 2 wt. % spin coated on Si--wafer from wafer from ( ) p( ) p
different solvents.different solvents.

TolueneToluene Ethylbenzene  Ethylbenzene  
Jackson, S. T. and  Jackson, S. T. and  
Short, R. D., J. MatShort, R. D., J. Mater.         er.         
Chem., 2, 259, 1992.Chem., 2, 259, 1992.
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Polymer Concentration EffectPolymer Concentration Effectyy

4 wt % 2 wt % 1 wt %4 wt % 2 wt % 1 wt %4 wt. %                                2 wt. %                              1 wt. %4 wt. %                                2 wt. %                              1 wt. %

PS/PMMA (50:50) spin coated on SiPS/PMMA (50:50) spin coated on Si--wafer from etyhylbenzenewafer from etyhylbenzene( ) p( ) p y yy y
solution at different polymer concentrationssolution at different polymer concentrations..

0.5 wt. %                                    0.2 wt. %  0.5 wt. %                                    0.2 wt. %  
Jackson, S. T. and Jackson, S. T. and 
Short, R. D., J. MaterShort, R. D., J. Mater..
Chem., 2, 259, 1992.Chem., 2, 259, 1992.
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Recent Research in GYTE on Recent Research in GYTE on 
Polymer BlendsPolymer Blends

= Surface roughness control by applying phase= Surface roughness control by applying phase 
separation method to medium surface energy 
polymers for foul-release: 
Blends of hydrophobic polyolefin copolymer 
coatings were prepared.

= Surface energy minimization by using low 
surface energy copolymers for foul release:surface energy copolymers for foul-release:
Fluorocarbon-acrylate copolymer coatings 
which can adhere to the polyepoxide primerwhich can adhere to the polyepoxide primer 
layer were prepared.
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Why polyolefinWhy polyolefinees were selected?s were selected?Why polyolefinWhy polyolefinees were selected?s were selected?

These crystalline and hydrophobic polymers These crystalline and hydrophobic polymers 
are cheap and commercially availableare cheap and commercially available
The surface topology and crystallinity The surface topology and crystallinity 
percentage can be controlled by selecting percentage can be controlled by selecting 

it bl l t + l t i t d lit bl l t + l t i t d lsuitable solvent + poor solvent mixture and also suitable solvent + poor solvent mixture and also 
by controlling the temperature in the phaseby controlling the temperature in the phase--
separation processseparation processseparation processseparation process
The surface topography can be further The surface topography can be further 
modified by mixing with other suitablemodified by mixing with other suitablemodified by mixing with other suitable modified by mixing with other suitable 
polymers.polymers.



[Polypropylene (PP) in [Polypropylene (PP) in 
xylene solvent]xylene solvent]

SEM Images Confocal Images AFM ImagesSEM Images         Confocal Images             AFM Images

IN AIR

IN SEA

WATER
(high 
coarsening 
effect)
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[Ethylene Vinyl Acetate [Ethylene Vinyl Acetate 
C l (EVAC l (EVA 12) ]12) ]Copolymer (EVACopolymer (EVA--12) ]12) ]

SEM Images Confocal Images AFM ImagesSEM Images         Confocal Images             AFM Images

IN AIR

IN SEA

WATER
(strong 
moisture 
expansion)
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Blend of PolymersBlend of Polymers
COC ( 0 %) ( 0 %)COC ( 0 %) ( 0 %)[COC (50 %) + PP (50 %)] [COC (50 %) + PP (50 %)] 

SEM Images                 Confocal Microscopy Images
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[COC (50 %) + [COC (50 %) + HDHDPPEE (50 %)] (50 %)] [ ( )[ ( ) ( )]( )]
BlendBlend

SEM Images                 Confocal Microscopy Images
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Large Area Rough CoatingLarge Area Rough CoatingLarge Area Rough CoatingLarge Area Rough Coating
Polyolefin Blends            Roughness Controly g C

(Protrusion Size Decrease)

[COC [COC (50 %) (50 %) +HDPE +HDPE (50 %)(50 %)]                  [COC ]                  [COC (50 %) (50 %) +PP +PP (50 %)(50 %)]]
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Polarity Effects: Blend ofPolarity Effects: Blend ofyy
[PP (50 %) + EVA[PP (50 %) + EVA--12 (50 %)]12 (50 %)]

SEM Images         Confocal Images             AFM Images

IN AIR

IN SEA

WATER
(very small 
coarsening)
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Foul Release results of Foul Release results of 
Ulva Linza for a thick polyolefin Ulva Linza for a thick polyolefin 

blend coatingblend coatingblend coating blend coating 
(University of Birmingham)(University of Birmingham)
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CONCLUSIONS:CONCLUSIONS:
= = Polymer blends can be used to produce large area Polymer blends can be used to produce large area 
micropatterned surfaces and can be applied as foulmicropatterned surfaces and can be applied as foulmicropatterned surfaces and can be applied as foul micropatterned surfaces and can be applied as foul 
release coatings.release coatings.
= Surface and interfacial tension forces of polymers= Surface and interfacial tension forces of polymers= Surface and interfacial tension forces of polymers = Surface and interfacial tension forces of polymers 
play a dominant role rather than entropic forces to play a dominant role rather than entropic forces to 
obtain phaseobtain phase separated surfacesseparated surfacesobtain phaseobtain phase--separated surfaces.  separated surfaces.  
=  Solvent selection and application temperature is =  Solvent selection and application temperature is 
i l h f hi l h f himportant to control the surface roughness.important to control the surface roughness.
= Biological evaluation of polyolefin coatings with = Biological evaluation of polyolefin coatings with 
controlled roughness seems promising for freshwater controlled roughness seems promising for freshwater 
applications. (Poor resistance to barnacles).applications. (Poor resistance to barnacles).
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