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Abstract

In cold regions, icing i@ serious challenge that peoghe daily. Ice accretionon bridge

cables, wind turbines and ship hudlee only a few examples of where icing d¢eaave fatal

effect Muchresearcthasbeen done tovercomethis problem using various solutions such as
producingsurfacesthat delayice formation orprevening ice acaimulationusing coatings
exhibiting low adhesionto ice Among these elasbmeric materias have repeatedlybeen
reportedas successful coatiagith ultra-low adhesion values to icarising froman interfacial
instability which was recently proposed as the underlypigenomenaThis instability,
interfacial cavitationpccurs whenensile forces are indirectiyeneratedt the ice/substrate
interface during sheaMost researcthasfocused orstudying,measuringand manipulatig

ice adhesion of surfaséy shear forces. In this work, high throughput, loveost apparatus

was designed and benchmarked to measure the tensile ice adhesion strength of various
surfaces. The performance and precision of the setup was verified usergrepgal trials

and the effect of various parameters such as temperatur@ffpsfieed, substrate thickness,

and ice/substrate interfacial arearecharacterized.

We thendelved deeper inthe ice adhesiorbehavior ofpolydimethylsiloxane(PDMS), a
commonly use@lastomeric ice phobic coatingpmparing itgure tensiledhesive fracturt®

its typical shearadhesion behaviolt was found thatensile ice adhesion strength of PDMS is
usually higher thathe shear icedhesion strength. Also, all parametéach as thickness,

elastic modulus, and probe speed) affected the tensile ice adhesion strength in the same manner
they did with the shear ice adhesion strength, except rough¥esaroughness of the PDMS

surfacewas increasetb up toanS;= 3 2 theeshear ice adhesion strength remained almost



constantWe also developed superhydrophobi®DMS that maintainethe low tensile and
shear ice adhesion valuelsf= 1 1 . 2 i&=m.&after hadsh dbrasion periodshis work
elucidates tensile ice/elastomer adhesion mechanisms and belevidm, is crucial for
designing future elastomeric coatings that facilitate ice removal through interfacial

instabilities.



Lay Summary

Rubberycoatings have proven to e advantageowshoiceas ice repellent coatings because
of thdr incredibly lowadhesion tace. This low ice adhesiorstrengthoccursbecause ofhe
coexistence oboth shear and tensile stressksthis work a highthroughput tensile ice
adhesion measurement system was designed and benchmarked. Fhetipere tensile
adhesion strength of ice t soft substrate comparison ofice adhesiorbehavior ofsoft
substrates under shear and tensile vanidus parameteedfecting the ice adhesiaf rubbers

arecomprehensively studied.
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Chapter 1: Introduction

Ice accumulatioron surfaceshasalways been a@hallenging problenthat brings risk and
difficulty bothonan industrial levehndt o0 p e o p | e des Iceesbuildupon shawy dalsi
on the windshield of vehictgs a palpablexample oft affecing daily activities during winter.
Furthermore, ice accretioon top of bridges, tall buildingg and airplaneparts may cause
severehazard. Therewerea total of258 icing and inflight icing accidents reporteetween
2006 to 2010, in the National Transportation Sattyard and Aviation Safety Reporting
System one of whichkilled 4 crew members, 45 passengers and 1 perstmeaground On

an industrial levelicing cannegatively affecthe efficiency ofawind turbineby changing the
aerodynamic of the bladed'he government of Canada reportedteach year around $113
million dollarswaslost between 2012016,becaus®f theloss of wind energproductionin
cold regionsas a consequence ioing of blade& Researcherbave comeup with several
ideas taavoidthe difficulties brought byheicing of surfacesMost commorsolutions to the
problemincludepreventing or delayinthe formation of ice osurfacesor produdng coatings
thatlowera s u radhesioa gtrength to ickee formation happens in two steps: nucleation
and growth. If at leasbne of these stepsligndered, the ice formation process either stops
slows downFor example, osurfaces with roughness values less than the critical nucleation
radius ofice, iceformation isgreatly delayedhecause ofiucleation hinderanc&urfaces with
such low roughness values are identified as smooth safaetighly structured surfaces
however,trap air pockes which delay the heat transfebetweena water droplet and the

substrateand can deceleratie growth process



A considerablenumberof studies have focused on producing surfaces with low adhesion to
ice utilizing different methods and matesa® 5. The accreted icen a surfacavith low
adhesiorstrengthto ice caneasily be removely a smalbmount of forcevhich in some cases

may beas low as the weight of the formed i@ehichresultsin passivace sheddingAmong

them, elastomers$ave revealetb possessome ofthe lowest ice adhesioralues® 18 The

low ice adhesiorof elastomersis enabled by a surface instability known as interfacial
cavitation, which is a tensiedriven phenomend®. However most ice adhesion measurement
devicesused inprior studiescan only measure the shear ice adhesion strength of suiféces

Few studies have utilized devices and methods that measure the adhesion of ice by applying a
tensile force?? 38and there is no standard or high throughput system readily avallatiés

work a reliable and high throughput tensile ice adhesion measurdmaoéwas designed,
andthe performance wasvestigatedThe designedensile ice adhesiosetup(Figurel.19

and a conventional shear ice adhesion s@figure1.1b were then sedto carefully stug

and compar¢he shear and tensile ice adhesstrengthof a polydimethylsiloxane (PDMS)
based lmstome. Finally, aPDMS baseduperhydrophobic surfawas developewith lasting

low adhesion to iceStudying surfaces such as elastomers under pure tensile force helps to
better understand the underlying fracture phenomenapaoddes a overview when
fabricating elastomeribased ice phobic coatings/hich exhibit low shear ice adhesion

strengthbecause of thmcorporation of a tensile component.



Figure 1.1. Ice adhesion measurement devices use@) designed tensile ice adhesion

measurement apparatus, (byhear ice adhesion measurement device

1.1 Background

1.1.1 Wettability

Accumulated ice on surfaces formvkenliquid watersuch as rain droplets or melted snow,
comes in contact witha solid surfaceat subzero temperatures herefore, thevay water
interacts with the surfacenay directly affectthe ice/substrate interfaceteractionsand
conformation The water/solid surface interactions comprehendedas wettability

characteristics of the substrate.



1111 Youngds and angleat i ¢ contact

Consider diquid dropletrestingon asmooth solid surfac&heline where the liquidl), vapor
(v), and solid(s) phase mees called thetriple-phasecontact line The anglethat thedroplet
makes with the surface amy point orthe contact linés called the¥ o u n@gdrst act). angl e
Il n general, the angle that a | iquid makes wi

equation:

., I (1.1)

wh e rsqg v, andos are solid/liquid free interfacial energy, liquid surface tensamdsolid
surface free energyespectivelyThis equations a thermodynamic equilibrium amtticates
thattheangle a liquid makes while resting on a solid surfadke resulof a balance étween
thetendency of thdiquid to spread on the solid and kegpspherical shapd.ower surface
tensionleads to higher tendency to espd and wet a solid surface which results in lower contact

angles.

However, Youngods equat i onthaimaynttbethe daseamreals o me
scenariosFor examplethe surface should Emooth andchemically homogenous without

any kind of contaminant§ hegas environment around the droplet should be 100% saturated

with the vapor of the liquidThesolid surface should be rigid and should im¢ractwith the

liquid in any other way such as swetjjretc.In real life with nonideal surfaces, violation of

the assumptions resultsimaccurateY o u napriaet angle measurementse contact angle

ofastaticdropleneasur ed on a surface ispThedaticlcenctt he s
4



angle and the Youngds Ileecqualaependirgrog hoe idealahe

surface isand if any of the assumptioaseviolated

1.1.1.2 Advancing, receding and contact angle hysteresis

One way todeterminethe wetting propertie®f a nonideal surface is by measuring the
dynamic contact angleBy steadilyadding morewater to a static water droplet, the droplet
volume and thewater contact angle wilincrease without moving theontact lineuntil the
angle islargeenough that the dropletovesfurther out making alargercontact line with the
same static contact angle. The anmgjdserved just before or after the droplet advances along
the dry surface is called the advancing contasgle( #.). By removing water from a static
water dropleton the other handhe volume and theater contact angleill decrease without
moving thecontact line until th@ngle is low enougthat waterecedesmaking a contact line
shorter in lengthThewater condict anglgust before or after the dropléé-wetsthe surface is
call ed t he r ec ee.iThegliffecenca between the adephcmg apcdding
contact angle is called the contact angle hyster€stact angle hysteres{f€AH) is a
measure ourfacehomogeneity and perfectioHigh CAH on a surface means lower mobility
of the dropletwhich is pinned on the surface in some parfsthe contact lineTwo main
reasos for high CAH includechemical heterogeneitgnd surface roughnesfecalling the

assumptions i n nYdeal sufabehould haueaatcontaat angleahysteresis of

0e

60— — (1.2)

(0]

r



Surfaces are categorizéd a range okuperhydrophilic to superhydrophotiased on their

water contact angland contact angle hysteresSur f ace s WiOteh ade consi
hydrophilic surfacesSurfaces that make contact angles with watelow a0 ¢ d < gareb

considered superhydrophilic surfacésf d the s@flce is considered a hydrophobic

surface. Superhydrophobic surfaceakea water contact anglefd > ahdal0CAH< 5e .

1.1.1.3 Wenzel and CassidBaxter states

On a rough surface, a water dropgtah adoptwo configurations.The Wenzel stathappens
when thedroplet completelypenetrateshe surface texturevetting the whole surfayFigure
1.1a) In this case théotal water/sold interfacial areaandthe triple contact line lengthwill

increase.The contact angle of a liquid on such surfaeebe calculatedisingthe Wenzel

equation (Eql.3):

AT-© 1AT-S (1.3)

wh e r’is thehpparent contact angiedr is thesurface area of the rough surfadiwided by
theprojected surface argahich is called the Wenzel roughness. Therefore, Wenzel roughness

is alwaysr O ILthe contact angle of a liquith a smooth surfaceisbel®0 e, by roughe
the surface the apparent contact angle will decrease. In spifteadropletexhibitsa contact

angle higher than 9leesultinanungréasennithe gppdremteontal r f a ¢
angle of tle liquid. In other words, by roughening smooth surface that is chemically
hydrophobi¢ such as silicog the contact angle will increas@fter a certainincrease in

roughnesswetting the surfaces notenergetically favorablén this case thevater droplet will

6



rest onair pockets that are trapped in the grooweghe surfaceshown in Figurel.lb. The
contact line willpartially touch the surface and partially towh The apparent contact angle

is described byhe CassieBaxter mode(Eq. 1.4):

AT-©6 QAT-O QAT-O (14)

Where"Qand Qarethe solid surface fractiroandvapor surface fractigmespectivelyBecause
the vapor surrounding a droplet in most cases is—ails considereda 18 0e. -The Ca
Baxter equation shows th#te apparent contact angle will increase when dropletis in

contact with more air rather than the solid surface.

a) b)

Wenzel state Cassie-Baxter state

Figure 1.2. Possibléiquid/solid configurations, (a) Wenzel state, (b) CassiBaxter state

1.1.2 Ice adhesion strength

Consider a water droplet sitting on a surfablee work required taletach thevaterdroplet
from the substratat the interfacevithout deforming thesurfaceis called the thermodynamic
work of adhesionWh). Here aetachmentrefers to completely eliminatingpein-common area

of the two materia and producingwo new surfacedn the case of a solid and a liqyithe
7



thermodynamic work of adhesi@w [ I 3. The YoungDupre equation was

derivedby couplingthis formulatiorwi t h Y ouatiod® s e g

o [ p Ai-© (15)

This equation explas that the thermodynamic work of adhesion depends on the surface
tension ottheliquid anditsY o u n g 6 s ¢ @mthe suwfaceHawe\el, the wetted surface
areafor rough surfacesould betotally different than the wetted area on an ideal surfate

the samechemistry The work of adhesion for a droplet that is in the Wenzel siata
hydrophilic surfaces greater than the i@ smoothsurface because thigoplet is in contact

with a greater area of thgydrophilic solid; meaning that moreuid-solid bonds need to be
broken for detachment. On the other hamdyopleton a superhydrophobic surface which is

in the CassiBaxter statavets a portion of the surface, making smdilguid-solid interface.

Relatively similarchemicalinteractiors exist between ice asdbstrates becaugas the solid
form of water The configuration that a frozen droplet adepin a surface may or may not be
the same as the configuration of the droplet before freel@pgnding orthe environmental
conditions such as humidityHowever, it isstill bound by complete Wenzel or complete
CassieBaxterstateand the laws hold for bath Ice cetachment physicalljappens when a
crack isformed from an applied érce and propagateacrossthe interface. Accordingly,
characterizing surfaces ltiyeice adhesion strengthvhich isthe maximum force required to
mechanically detach ice fromsarface is preferred*2. The shear stresfite) required tode-

bondice fromanelastomeric filmis given by*>43



o (16)

This equation indicates that the shear ice adhesion strengtburface depends on trehear
modulus(u) and thicknesgh), as well as thevettability characteristics of the materfsiVa). If

a surface can repel ice with shear strefsg® 100 k P a , it is called

Now considera rigid studsuch as icen an elastomeriilm which is being pushed offy
applying adistributed shear force atliae above thelane of the interfac@igure 1.3). An
elasticinstability at theinterface of the rigisoft materialgesults in emerging air bubbles
the interfacawvhich produce vertical displacemerdeforethe shear stress is high enough to
detach the ice from the surka¢heice will compress thelastomeric film at the froredge of
the icebecause of the torque generaegishown in Figure 2. Simultaneouslyanormal force
will be generatedt the reaendof theice,whichopens a cavity at the reamdof the interface

In other wordsthe discrepancy betwedine elastic modulus of thagid ice stud and the soft
substrataesults inthe instabilityof interfacial cavitationThis phenomena can be explained

from a fracture mechanigmint of view,formulated below/**

B ¢ (1.7)

whereE* is the apparerglastic moduludc is the length of crack anglis a nondimensional
constantdetermined by the geometric configuration of the cr&8dsed on this equation,

lower ice adhesion strength can be obtained by increasing the maximum crack length,



decreasing the elasticodulus or decreasing the surface energy of the material. Surfaces with
lower energy result in weaker bonds with the Adso, the number of probable crack initiation
sites on a surface with ice in the Cad8axter state is higher than for a smooth sufface

Cracks act as stress conceritrasites and increase the efficiency of ice remdétial

However,an exclusive, detailed stuayn puretensile ice adhesioof sdt substrates has often
been neglectednd there are only few studies thavereported tensile ice adhesion values or
utilized related method€ 2, Thistriggeredour motivation todig deepeimto theice adhesion

strengthof elastomeric coatingsnder tensildorces.

Torque

/2 Rear edge Front edge

Tensile
force

force
E Ice T Ice
Compression
Elastomeric substrate Q O

Applied

Figure 1.3. Schematic illustration of the tensile force generated at the rear edge of an ice

cube when a shear force ibeing applied at a height above its interfacial plane.

1.2 Existing Techniques

1.2.1 Ice adhesion and wettability

Recall that wettability characteristics ofarface andthe icephobicity, arenainly affected by

thechemistry and roughness properties of the surtacether words, the water contact angle
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in Eq. 1.5, whiclaffects the ice adhesion of the surfatepends othemolecular interactions
at the interface and the roughness of the surfdue highest water contact angle a smooth
surfacei s 1 2 @ ebseavadderfluorinated compounds (PF@hich exhibit the lowest
surface energylue to the higlpercentage of theCF3 groups on their surfazelherefore
manystudies have focused preparing surfaces with low surface enecgemistriego study
the relationship between wettability and iadhesion andachieveice-phobic properties
Meuleretal. coated bare steel sampiegh various polymers to achiegenooth surfaces with
a range of wettabilitieand measured tireshear ice adhesion strengitheyfoundthat the ice
adhesion strength decreases linearly with increasing the receding cogtaetith a scéing
parameter o[ 1 + redc Based @h this correlatioey clainedthatthey have achieved
the lowesice adhesion possibler a smooth surfaceylbtainingthe highesteceding contact

anglereachable on a smooth surfafel 18.2 2 . 4. e

By adding micre and nanetextureson hydrophobichemistres superhydrophobic surfaces

with water contact angles as high&ks8 O ecamtdact angl e heasheer esi s
achievedResearchemxpectedevenlowerice adhesion values on superhydrophoféterias

compared to the smoothaterial with the same chemistiyecause of thedecreased solid

liquid interfacedue tothe initial water droplet being in the Cas8axter stateOzbayet al.

measured the ice adsion strength of various materials with a range of surface free energies
between 21.8 mN/rfor polytetrafluoroethylene (PTFE) and 39.2 mNiton copper. The ice

adhesion strength increasé.5 fold with increaimg surface free energdf. Arianpaur et al.

prepared surfaces with variecbntact angles and contact andigsteresisby adding

nanoparticles to a silicon rubber matrhey found that dropletsn the superhydrophobic
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surfaces rolled off easier because of having low CAH. The ones that remained on the surface
froze after a longer timebecausdhe droplets wereesting on aipocketsthat reducd heat
transfernn the CassidBBaxter stateAlso, thesheaiice adhesion strengthf the surface reduced
significantlywhich wasbelieved to be because of flbev CAH. Arianpouret al.reported their
surface as ra attractiveicephobic candidate because @k antiricing and ice repellency
propertie$®. Kulinich and Farzaneh coated aluminum (Al) substrates with a
nanoparticle/fluoropolymesuspension and measured the ice adhesion strength on the samples.
Their results revealed thétte ice adhesiodirectly carelates with the contact angle hysteresis

of the surfacand it is believed to be beciof the higher interfacial area substrates with

high CAH®. Theyarguedthat previousconclusiors, indicatingthatthe ice adhesion strength

on rough surfacedepends on thevater contact angté only holds wherthe contact angle

hysteresi®n the surfaces low.

Many studies argug¢hat superhydropholity does nonecessarilynakea surfacecapable of
repelling ice withHow forces Meuleret al.explain thatadding topograpical featurs alone is

not enough for achieving low ice adhesion strength valuesery environmental condition.
They suggest that a superhydrophobic surfhaedoesnot hold adroplet on the air pockets
after freezingi.e.does not produce Casdsaxter ice, would not be promisiag a durable ice
phobic surfac®. Cuiet al.preparedydrophobic and supleydrophobicsurfacesvith avariety

of roughness, wettability, and surface enefyey showedthat on roughsuperhydrophobic
surface in rosepetal or lotus modethe contest between mechanical interlocking and stress
concentration determindise ice adhesion strength on the swefadlaghsoudit al. prepared

superhydrophobic silicone rubber surfatcgstwo different methods, resulting in different

12



roughness valuesand measured their shear ice adhesion strengthy fewealedthat on
surfaces constructed of micro/nano textuteser ice adhesion is achieved surfaces with

lower roughness.

1.2.2 Ice adhesion and elastic modulus

In previous sectiong was explainechowa s u r iéeadhesiors strength islatedto the
work of adhesionglasticmodulus,and thickness, ande particdarly focused onwork of
adhesion. In this sectionye reflect on theelastic modulus specifically soft elastomeric
substrates such as PDM&s explained edier in Figure 1.2, when a shear force is appted
an iceat a heightabovethe interfacial planef theice/soft substratea moment willform. A
sufficientmoment willgenerate a tensile foreg the rear end of thee that islargeenough to
separate the ice from the soft substrati¢iating crack formationTheconstantlyapplied shear
stressand the low modulusf the substrate all togethprogress the crack propagatidrhe
addition ofatensile strest theappliedshear stress, resultsarower sheaforce needed for
complete detachmefit®. Beemeret al. prepared PDMS gsland varied their elastic moduli
by adding plasticizersand manipulating the cro$isk density. They studied the effect of
elastic modulus and film thickness ice adhesion by apphg a shear forcelhey showed
thatthe shearice adhesion decreaswith anincrease in the thickness of the fjlop to 1.4
mm following Equation (6)and remain constant thereafter. Eiastic moduluson the other
hand had adirect relation withthe ice adhesion strendth In another workWang et al
observed that by increasing theightof the applied shear forabove the interfacial plane
the critical force of detachmenf poly methyl methacrylate (PMMAdJecrease becausea

tensile/shear modemerge®®. Golovin et al. studied the shear ice adhesidependencen
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elastic moduludy tailoring the crosdink density of various elastomer addition they
facilitated interfacial slippage by adding different oils. They revealed that for soft surfaces,
crosslink density ad interfacial slippage independently dictate #ieearice adhesion
strength,rather thanthe wettability characteristics of the surface. Their resuiezipey
matched the governing equatiéhs Zhuo et al. prepared a PDMS coating with slidable
crosslinks andinvestigated theshear ice adhesion. They suggested that besides the
hydrophobic nature of PDMS, the slidable crosslinks were responsible for the low ice adhesion
not only because of decreasdthe elastic modulus, but also enabling interfacial slipplage
Heet al.were able to decrease tieealce adhesion strengti PDMSsurfacedy introducing
macracracks intheform of holes thatliminishedthe stiffness homogeneityrhey found tlat
increasing the diameteaf the holes decreases the ice adhesion stramgthnabling and
improving crack initiation and propagatiddowever,the effect of holaliameter orstiffness
inhomogeneitybecame dss distinct with increasy the film thicknes$*. A year later, they
fabricateda sandwicHike PDMS sponge anduned the elastic modulus lbgodulatingthe
weight ratio the prepolymer and curingaigent They indicatal that the facilitated crack
initiation, the low elastic modulusand theinherent low surface energy of theiurfaces

resultedin shearice adhesion values as lowGs= 0.9kPa®.

1.2.3 Tensile ice adhesion

As discussedn the previous sectionsoft elastomersuch as PDMS havikeen suggested
widely to be used asce-phobic coating Interfacial cavitation,one of the governing
mechanismsesponsible for the lowheaiice adhesion strength of rubbassatensiondriven

phenomenonHowever measurementsf pure tensile ice adhesion strergythits) of such
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surfaces, along with a comparisirtheir shear ice adhesion strengths, are.far2013, Ruan

et al.studied the anticing behavior ouperhydrophobiél, prepared by etching and chemical
methodsin their paper, they briefly explaaad that they useal dynamometer to pudff frozen
water dropletfrom the surfacevia a hairline through the droptét Based on the image
published in the papgthe hairline beginstrapped in the frozen droplétiowever, this is not

an accuratand repeatablmethodof tensile adhesion measuremémt many reasons. First,
there isnocontrol over thevetted/icecareawhen a droplet is deposited on the surface. Second,
the hairline lhat is used to pull the ice of, notattached to a fixed positioandpasseshrough

the bulk of ice. Tis would result innconsistenstress distributioatthe interfacdor different

measurementéimiting the repeatability of the method.

In 2013, Wang et al. characterizedhe ice adhesion of etched alumin(#) surfaces. They
performed the ice adhesion measurements wsmgley-like device.They explain that the

had to move frozen samplésom a freezerto the test device. The tensile ice adhesion
measurement was also donedwgduallyadding weight to thdriving arnt®. In 2018, Work

et al.reviewed the ice adhesion measurement techniques and pointbdtolnéy ould not

find any paper on a tension test device that analyses the stress distribution and standardizes the
method®. Daviset al.used the blister method to measure the tensile ice adhesion of their rough
surfaces. In this method,tensile forcavasapplied at the idsubstrate interface by pumping
pressurized aithrough the cylindrical cracks at the interféfc&oho et al.introduced a new
devicemeasures thensile ice adhesion samples by pulling off the sampléom abulk-ice
formed beneaffl. The devicesthat Daviset al®® and Lohoet al®! usedhad the advantage of

in situ ice fornationcompared to previouslgxplained techniques were the iced surfaes
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transferredo the measurement stage frarfineezer However,only one ice/substraiaterface

could be preparednd tested at a time

Muraseet al. measured théensile and shear ice adhesistnengthof 22 polymers with
different works of adhesiomglass transition temperaturesspersion and hydrogen boadd
viscoelastidehavior They found thatvork of adhesions affected by mobility of the chasn
Therefore, any physical property tladtersthe chain mobility will alsonfluence theshear and
tensileice adhesion strendgth Wanget al. charaterized theantide-icing of theirAl substrate
usingtensile ice adhesiostrength measuremeni hey prepared a superhgaphobicsurface
by etchingAl and then coating it witAH,1H,2H,2HperfluorodecyltriethoxysilanéPTES,
generating air pockets that leadchteduction in the tensile ice adhesibizhuet al.measured
the tensile and shear ice adhesion of RIS coated, and silicone aifused PDMS coated
Al. Their results showed an overadductionin both tensile and shear adhesion stremgth

anincrease in the oil contefit

In a different work, Yangt al.®* measured the tensile and shear adhesion strenfjtfoad-
based coatingsn Al substates The lowest shear and tensile adhesion belongxtpristine
polytetrafluoroethylene(PTFE), a low surface energy, smooth surfacAdding sub
micrometer texturéo their surfaces resultediimproving the hydrophobicity but trelhearand

tensileice adhesion was increasede tomechanical interlockinglheincrease in interfacial

chemical interactions also leaddnincrease in the tensile ice adhesion on smooth surfaces.

In 2019, Gao et al. fabricatedmetatorganic framework (MOF) coatingsith micro-nano
texture and infused them Wwisiliconeoils in a way that kept thetexture of the surface. They

investigated thantkicing as well as thele-icing of their surfacesindera tensile forceThe
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tensile ice adhesion value of tirécro-nano textureail infusedMOF wasreportedo be less

than 20kPa, which wasround 10 times lower than thatrdno texture MOF surfaceBhey

also showedthat the viscosityand amount of th@il added to the textureidl not have a
significant effect on the tensile ice adhesion of their sutfabéaenoet al. studied iceice

friction coefficient dependence on sliding velocity, temperatamel normal stre§s Danet

al. investigated the tensile and shear adhesion of ice to asphalt pavement at different
temperatures and roughness. Their results showed that both tensile and shear adhesion increase
with decreaisg tempeature andncreasng roughnes®. Penget al. also used hydrophobic
coatings on asphalt pavement and meaktivetensile andghear ice adhesion strengtitheir
sample®’. The above studies are the ordyesthat havetook into consideration the
importance of tensile ice adhesion measureséothe best of our knowledgé&mong them,

only a few haveutilized tensile ice adhesion measurements to characterize the icephobicity of

elastomeac surfaces.

1.3 Motivation

Theadvantageous influence ioterfacialtensile force®n thesheatice adhesion strength af
soft surfacehas been strongsupported by theas However few experimental studies have
focused on or measured the tensile ice adhesion strength of soft sarfdasmmpared it to
the relative shear ice adhesion strendifhen it comes to superhydrophobice-phobic
surfacesmaintaining thacephobicity and durabliee repellency is a big challeng&urther
comparisonshetween different surfaces are difficult as there isstamdard technique of
measuremerfor tensile ice adhesioiccordingly, we designed a high throughput tensile ice

adhesion measurement systemhich (1) enabled cooling and adhesion measurerorrthe
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same stage, (rovided space for several sampiede tested at a single rurhe design and
construction of the tensile ice adhesion measurement is prege@kdpter 2along with the
reasoning for the design decisions. The performance of the setup is characterized using
experimental trials varying parameters such as temperaturefpapeed, thickness of the
substrate, and ice/substrate interfacial area, to vérdyptecision of the measurementge
thenstudythe tensile and shear ice adhesion strengtROMS sufaces in Chapter,¥arying
different parameters such BEMS film thickness, elastic modulus, roughnessl the speed

of theapplied forceWe furthercomparehetensile adhesion strength of tRBMS, which is

a single valueto shear adhesion valueseasuredy applying the shear forcat different
heightsabove the iced interfac®ur findings enabledus to fabricée a superhydrophobic
durable icephobi®DMS surfacd its= 4 . 2  keP Aa3)thahrdaintdined the low tensile

and shear ice adhesion strength after 20 minutes of abfasisn 1 1. 2 i&B.& een d U

when mechanical interlockingccurred

1.4 Objectives and outline

Objective 1: Designing a accurate and efficient tensile icehadion measuremeapparatus
and verifying the performance of the devimecomparing the measurements wittown laws

of fracture mechanics

Hypothesis: By usingwell-designedce holdess that uniformly distributdorce, a cold stage
on which many holders could fit,and an adjustableneasurement systeme canachieve

consistent, repeatabiensile ice adhesiomeasurements.
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Tasks:

=

Desgn and buildthe measurement system

1 Investigae the stress distribution ahe ice/substrate interfacehen using various
designs ofce holders

1 Study the effect of various parameters on tensile ice adhesadieafst two substrates

1 Validate the performance of the apparatus by comparing the resultsligtature

values and theoretical trds

Objective 2: Achieve a comprehensivainderstanding othe ice adhesion strengtf soft

elastomerianaterialsundershear and tensile forces

Hypothesis: Tensile ice adhesion strength a surface is lower than its shear ice adhesion
strengthand by increasing the tensile force component on a susiicenixed shear/tensile
mode, the ice adhesion strengthill decrease andpproach theure tensile ice adhesion
strength.Tensile and shear ice adhesion stremgt@trease with decreasing tme@dulusand
force speegdandincreasing the thicknesRoughness could either decrease or increase both

tensile and shear ice adhesiaesgth based on thveettability characterististhat it provides.

Tasks:

1 Measue the tensile and shear ice adhesion strength of BDiVI1S-based elastomers
while varying different parameters such as modulus, thickness, roughnd$sice

speed
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1 Comparethe tensile ice adhesion strength wghear ice adhesion strength while

triggering interfacial cavitatiohy applyingthe sheaforce at different heights
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Chapter 2: A High Throughput Tensile Ice Adhesion Measurement System

2.1 Overview

Herdn, the design and construction of a tensile ice adhesion measurementgidiscassed

which exhibits many advantages over previous measurement systems. The benchtop system
has a small footprint (overall dimensions of 26 cm x 33 cm x 70 cm, length x width x height)
and is simple to construct and operate. The device mainly consists of a fomergauge,

cold stage, ice holders, chiller, aid framing which provides mechanical support to the
structure. A thermocouple and a PID controller control the temperature of the Peltier stage
where measurement takes place. Various experimental t@shgtars, such as temperature,

speed of applied force, iced area, and thickness of the test material can be varied independently.

2.2 Description of the System

Unlike a typical uniaxial tension setup, our tensile ice adhesion setup includes a Peltier stage
with an area of 12 cm x 6 cm, which also serves as the measurement stage. Larger Peltier
stages could be substituted to allow for a greater number of tested samples per freeze cycle.
The temperature of the stage is tunable in the range€©ft0-25°C usinga thermocouple

and a colewater circulation system. This makes it possible to measure the tensile adhesion of
ice to substrates at different temperatures. The size of the ice holder affects the number of
measurements per freeze cycle. For example, théataer that was used to verify the
operation of the setup under different temperatures;guipeeds, and thicknesses had an

outer radius of 6 mm, allowing for 6 tensile ice adhesion measurements during each freeze
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cycle. Making several measurementsiniyl a single freeze cycle decreases the risk of errors

due to varied testing conditions, resulting in more precise and consistent values.

Unlike previous tensile measurement systéfi§® the freezing cycle and the tensile
measurement occur on the same stages mears thatthe ice/substrate samplees noneed

to be carried to the measurement stage. Environmental errors Saelsasface melting are
avoided. The apparatus allows for three degrees of freedom in fheand zdirections. The

x- and y translation enables the operator to freely position the force gauge hook directly above
an ice holder. The-direction trangtion, which is essential for the tensile force measurement,

is enabled by mounting the force gauge on a linear motion stage connected to a motor. The
force gauge can be easily and quickly replaced by another with a larger or smaller load cell,
such that srfaces withvastly differentadhesion values may be investigated. To control the
iced area, holders with specific internal surface areas were designed. The geometry and shape
of the holders were optimized to achieve a uniform stress distribution atelfade. The ice
holders are one the most influential elements that govern the precision of the measurements.

Accordingly, the design and optimization of the ice holder is discussed, in detalil.

This device:

1 Measures the tensile force needed to detachroce & substrate
1 Is aninexpensive and simple setup to build
1 Can measure several samples during a single freeze cycle

I Was verified and the measurements matched known laws of fracture mechanics
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2.2.1 Design and Optimization of the Ice Holder

Unlike sheatbased methods, the design of the ice holder was more complex as tension must
be applied normal to the interfacial plane. An ice holder was designed and analyzed using finite
element modeling (Abaqus) in order to minimize stress concentrattbawid any induced
bending moment. In contrast to the pughshear ice adhesion test method, where uniform
compression is applied on the lateral side of the ice cube holder,-affpaiethod was
simulated in order to investigate ice adhesion in Modeadture (tensile detachment).
Uniformity in the stress distribution at the interface was considered in the optimized design of
the ice holder, along with a methodology for easily and repeatedly applying tension. The
deformable solid parts of the ice hefdcylindrical ice, and aAl substrate were modeled. In
these simulations, the ice holder (made of polylactic acid, PLA, a commaqmii3ihg resin)

was placed on aAl sheet with dimensions = 60 mm,W = 60 mm, and = 0.5 mm. The

elastic moduli ofAl, PLA, and ice were set to 70, 3.5, and 8.5 GPa, respectively, with Poisson
ratios of 0.3, 0.33, and 0.3, respectively.
numerical simulations. After several iterations, the ice holder with the ggosteiwn in

Figure 2.1 was selected.
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Figure 2.1.Tensile adhesion ice holder. (a) Isometric view of the designed ice holder. (b)
Sectioning a quarter of the model reveals the cylindrical ice inside the holder. (c) Two
dimensional top view of the ice holder. (d) Drawing of designed ice holder (front vigw

The dimensions are in mm. (e) Assembly model of the Mode | ice adhesion test

A concentrated force was applied to the connection points of the beam connectors a a high
strength cord, and the stress was transferred uniformly to the ice holder anteiedad the

Al sheefas shown in Figre2.2.

a b

S, Mises S, Mises
(Avg: 75%) (Avg: 75%)

Figure 2.2.Stress distribution within the Al sheet. (a)first increment of analysis. (b)

second increment (before separation) of the analysis.
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Interfacial fracture was modeled by applying a cohesive zone model to tiA¢ intgrfacé®.

The values of the cohesive zone parameters obtained byeChhwere utilized (Tale2.1).

The interaction between the ice and ice holder was considered as a tie constraint to stipulate
deformation continuity at the interfacial plane. The designed ice holder could effectively
transfer the concentrated external force uniformly ovetdpesurface of the cylindrical ice

due to the chosen geometry (fig 2.1b). Undeformable beam connector elements were
selected for the connection between the ice holder and loading poinise(Zite). These
elements transferred the applied force betwhercomponents with a constrained component

of relative motion (CORM) of the translational and rotational displacements in all three

directions.

In order to optimize the element size in the numerical simulations, mesh convergence was
studied. 14,400, 9,Aand 33,086 elements with type C3D8R, consisting of-aod® linear
brick with reduced integration, were used for the sheet, ice cube, and ice holder models,
respectively. No significant variation in the maximum stress was observedAn sheet for
alarger number of elements, and the optimum element size of 0.5 mm was selected. Overall,
the relatively uniform stress distribution at the idéfinterface (Figire2.1a,b indicated that

the designed ice holder should exhibit consistent tensikedicesion measurements.
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Table 2.1. Cohesive zone model parameters used in the numerical simulatiéhs

Parameter Values
Normal cohesive stiffnes#g) 1x1¢ N/mm?
Shear cohesive stiffneds) 1x1C¢ N/mm?

Normal mode fracture energ®dy)  1x10° N/mm

Shear mode fracture enerdyc{) 1x10% N/mm
Normal cohesive tractiof»&) 0.8 MPa
Shear cohesive tractidii™2) 0.8 MPa

2.2.2 DeviceStructure

This device consists of four major componentsiffeé@.3): (1) The stationary structure on
which the electronics arattachedand which providesthe mechanical support of the
system. (2) The movable structure which is fixed to the stationary structure while having
the freedom to move in both xand y directions. (3) The crosshead, which is mainly
comprised of a motor and a force gauge with adivee of movement in the-direction,

due to the linear motion stag€&he crosshead is held and supported by the movable
structure The attachment of these two parts together enables the whole part to have a
freedom of movement in all three directio($) The Peltier stage which is fixed on the

stationary structure and is responsible for the cooliBglow, stepby-step build
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instructions are given along with figures with numbers for easy understanding. Table 2.2

includes the number directoof the piecesricludingall needed dimensions

Crosshead Assembly\
Movable Structure
\

Peltier Plate Stage

™

Stationary Structure

Figure 2.3.Tensile ice adhesion measurement system bredkwn into four main

structures
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2.2.3 Build instructions

2.2.3.1 Structural instructions

Cut and drill theAl sheets (9), (13), and (26) with respect to the dimensions depicted in

Figure2.4.

115

69.85
o
g
"a
152.4
o]
@]

o ©] o
191.2 =
&
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b 25.4

279.4

381

(o)
203.2
\
x4
e}

Figure 2.4.Dimensions and specifications of thal sheets. a, part (13) b, part (26) c, part

(9). The dimensions are in mm.

Phase 1 (see Fige 2.5):

1. Slide two Fnuts (5)into a Tslotted profile (2). Do the same for anothesl®tted

profile (2).
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2. Use corner concealed brackets (4) to attachi tbletted profiles (1), (2) and (3) to each
other as shown in Fige2.5. Ensure that the profiles from Step 1 are placed at the back

end).

=

~

Figure 2.5. Movable structure framing completed view and explodediiew (numbered

parts are specified in Table 2.2)
Phase 2 (see Fige 2.6):

3. Attach the motor (6) to the Z axis CNC slide (7) using four steel socket head screws
(8).

4. Attach the Z axis CNC slide (7) from Step 3 to Alesheet (9) using four pairs of steel
socket head screws (10) and locknuts (11).

5. Fix the force gauge (12) to tiAd sheet (13) using two steel socket head screws (14)
29



6. Attach theAl sheet (13) from Steptb the Z axis CNC slide (7) from Step 4 using four

pairs of steel socket head screws (10) and locknuts (11).

Exploded

Figure 2.6. Crosshead assembly completed view and exploded vigwmbered parts are

specified in Table 2.2)

Phase 3 (see Fige 2.7):

7. Slide three Tnuts (5) into the outer slot and one into the top slot of twslofted
profiles (15).
8. Slide one Tnut (5) to each of the vertical-Slotted profiles (1) from Phase 1, as

illustrated in Figire2.7.
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9. Attach T-slotted profiles (15) from Step 7 to the Phase 1 structure from Step 8 using
two corner brackets (16), two 90 degree angled flat plates (17) and twelve Flanged
Button Head Socket Cap Screws (FBHSCS) (18).

Note: The structure from Phase 1 should be able to slide freely-slatfEd profiles
(15) at this point.

10.Use four FBHSCS (18) and the previously insertaau®s in Step 1 to attach the final

structure from Phase 2 to structure from Step 9.

11.Insert four corner @ncealed brackets (4) to the bottom slots of tkedofted profiles

(15).

Exploded
View

Figure 2.7. Crosshead assembly fixed on the movable structure, both completed view and

exploded view(numbered parts are specifiedn Table 2.2)
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Phase 4 (see Fige 2.9:

12.Begin from the bottom of the structure.

13. Slide T-nuts (5) in the slots of the-Jlotted profiles as illustrated in kigg2.8.

14.Insert all corner concealed brackets (4) as illustrated ur&®y8.

15.Use twoT-slotted profiles (2) and two-3lotted profiles (15) to form a frame around
the MDF Sheet 4 (23). The MDF sheet should be inserted within the slots of the T
slotted profiles.

16. Slide two horizontal Islotted profiles (2) into the slots of the twertically standing
T-slotted profiles (19) from the bottom (let them be loose).

17.Slide one Tslotted profile (2) horizontally into the two shorter vertically standing T
slotted profiles (2) from the bottom (let them be loose).

18.Use two TFslotted profiles (&) and corner concealed brackets (4) to connect the tall
(19) and short (2) -Elotted profiles.

19.Use the corner concealed brackets (4) to fix the vertically standsigtf€d profiles
(2) and (19) in the slots of the bottom structure from Step 14.

20.Insert MDF Sheets 3 (22) and 5 (24) into the slots of the vertically standsigtfeéd
profiles as shown in Fig. 7.

21.Insert the MDF sheets from the top with the horizontaldokted profiles inserted in
previous steps and fix the structure.

22.Insert the MDF Sheet 1) into the slots of the tall-$lotted profiles (19), but below

the second horizontal-3lotted profile (2).
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23.Fix the second horizontal3lotted profile (2) on top of the MDF sheet by inserting the
sheet into the slots.

24.Slide MDF Sheet 1 (20) into théoss of the tall TFslotted profiles (19).

25.Fix a T-slotted frame (2) on top MDF Sheet 1 using corner concealed brackets (4).

26.Fix the whole structure from two sides using 90 degree angled flat plate (17) and

FBHSCS (18).

Note: Now all the components of th&ructure may be strongly tightened and should be

without any free movement.

Figure 2.8. Crosshead assembly fixed on the movable structure, both completed view and

exploded view(numbered parts are specified in Table 2.2)
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Phase 5 (see Fige 2.9:

27.Use screws (37) and (34) and nuts (39) and (35) to attach the electronics to the MDF
sheets of the structure from Phase 4, as illustrated umd=2c0.

28. Attach PIDcontroller (30) to MDF Sheet 5 (24).

29. Attach the LCD shield for Arduino (31) to the housing (32).

30. Glue the housing to the MDF Sheet 5.

Figure 2.9. Installation of the electronics on thestationary structure (numbered parts are

specified in Table 2.2)

STOP! At this point the user may want to skip to the Electronics Instructions below, as

at this point there is maximum access to all mounted electronics components.

Phase 6 (seEigure. 2.10):

31. Attach Nylon single barbed tube adapter (28) to the Peltier plate (27).
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32.Use eight FBHSCS (18) and theniits inserted in Step 13 to # sheet (26) as shown
in Figure2.10

33.Remove the 3 internal screws on the bottom of the Peltier plate (27). Fix the Peltier
plate (27) on thél sheet (26) by rnserting its three internal screws into the 3 central
holes of (26).

34. Attach the PVC tubes (29) to the Nylon single barbed tubet@dés).

Figure 2.10. Peltier plate stage assembly, both completed view and exploded view. Note
that (27) comes with 3 internal screws that are removed and +&ttached to fix (27) onto

(26) (numbered parts are specified in Table 2.2)

35. Attach and fix the movable structure to the stationary structure now containing the

Peltier assembly, as shown in &ig2.11.
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