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2 State of the Art ofice Adhesion Testing
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Figure 2.1: (A) Number of publications containing the terms “anti-icing”, “icephobic”, or “de-

icing” from the year 2010 to 2023 (“Scopus” research on April 3, 2024). (B) Number of
patents containing the keyword “icephobic” from 2005 to 2023 (“Google Patents” research
on April 39, 2024).
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2 State of the Art of Ice Adhesion Testing

coating is applied ormloy tdimtornédreofi cteheae

from the same cylinder
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Force
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Figure 2.2: (A) Horizontal and (B) vertical shear test. The ice is frozen on a substrate using a
container (or mold). A load cellis then pushed against the ice and the maximum force at the
moment of ice separation is used to calculate the adhesion strength. (C) Cylindrical shear
test (or 0° cone test) and (D) rotational shear test. In both configurations, the ice is formed
between two concentric cylinders. In the case of the 0° cone test, an axial force is applied
ontheinnercylinder, while in the rotational shear test, a rotational torque is applied instead.
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2.1 lce Adhesion Test Methods

2. 1T.e2nsi on Test s
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Figure 2.3: Tensile test approaches. (A) The ice is formed between two substrate plates and
a perpendicular force pulls the plates apart until separation. (B) A transmission rod is
inserted in an ice block formed with a mold.
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2 State of the Art of Ice Adhesion Testing

2. 1Ce3ntri fugal Tests
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Figure 2.4: Schematic of a centrifugal adhesion test. The instantaneous angular velocity
when the ice separates from the substrate is recorded and converted into a centripetal
force, used to calculate the adhesion strength.
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2.2 Literature Comparison on Ice Adhesion
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2 State of the Art of Ice Adhesion Testing

Table 2.1: Literature comparison of ice adhesion strengths on aluminum obtained with
different adhesion measurement systems. Discrepancies up to an order of magnitude can
be observed (minimum and maximum value is indicated).

Test Met hotc AdhepMBPa Reference
Hori zont al 0.80 Douakt3]
Hori zont al O.@mhin) Hejazfil2a]}t al
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Vertical sl 0.49 He e[t5 6a]l .

0° ¢cerse 1.(2max) Zhu p#2hI .
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Centrifugal 0. 32 Laforte an[d2
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2.2 Literature Comparison on Ice Adhesion

Table 2.2: Variables and tools that need to be considered for the horizontal shear test for
accurate adhesion strength measurement. The comparison is made for important, well-
cited papers on ice adhesion of recent years. The items included in the study are indicated
by the symbol “V”, while “U” indicates an item that was not considered in the study. Adapted
from [58].
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i nt er | oicrkdrnegastensatt he i ce adhes[idN] comp
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2 State of the Art of Ice Adhesion Testing

Table 2.3: Variables to be reported: necessary and desirable.

Pri mary Secondary
Probe tip surface Strain rate
Probe velocity or Water resistiyv
Probe di shamcé afteo | ce density
Humi di ty Air flow condi
Freezing ti me Water deminera
Il ce sample size an

Environmental + in
Stabilization ti me

| nr @acentr orbonh &@fucdeg adhensgi mennadlemar Ki ng
were performed wtdhbndaaadlty cad mpalhettradte
studypl ¥edtest ftheiltietsitep,aramet ers wer e
as possi bdlies ctroe prasnccu cees b eHoweeevneatome atr € £ 1
ice adhesion results was found to be e»
Not only were there discrepancies 1in
but al so within the Tshhemeh anremaosruirzeanteinan toe
was judged not sufficient, and the autl
are unli kel yThysou e deevded @ pefd. correcti ol
identification of tdiTel imo svieomolalsé¢ & aarete st & ¢

curstmattdaert i ce adbhevitomprtoaauutce easily ¢

46



2.3 Relevant Aspects in Ice Adhesion Testing

2. Rel evant AASdpleaedgison nTd

This section examines the physical p
ice adhesion and presents a <collecti
adhesion in various aspects.

2. 3.cle Type

A systematic study on the effect of
byRrRennebefr39]eftheyl deposi tedl qppudecii pe t ada
water ice on three identical al umi num
ice adhesion test Ssystem. The tests v
condiTthieonasdhesi on strength measured wa
and 0.28 * 0.08 MPaclfoaurd gprceec i pandt bua
respectivel vy, showing an inVlke seepgornrt
standard devi at i onmi nwe rf8rOdtee blas &t Wel yme h
even though the authors underline tha
condiQtihoenrs .studies also reporf2dg., 6d4imil

Ap ot eenxtpladmrad vibothetdhe same aut[Ro2g9st hm@at

identical frewnpingecesdHteinbgiscamh cr yst
of tAdei a@t hors attribute the | arge s
of 1 ce, which is difficuletstti empbhasidne

the i mportancé&tofli ear waedat aceetashesi

smal | number noafyam&kasuBement s
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2 State of the Art of Ice Adhesion Testing

2. 3l.e2Zmper at ur e

The |literature generally agrees that
temperature decreases. This aspect i s
and [LZ%]Jmnd is also confir med[ 24y, 6sde, vbebr]a
Theoretically, this phenomenon can be ¢

water on the surf aae¢ eofsf tahes oi cree.s plomisg
slippery sensation we|[ 6&8perience when \
The 4Yuaglsayder, which was Famrgdayibss estviel
not full yMakikierkesrheodeti cally eoe$titrhet ed
equilibrium meéel™vwnngdg heemperfaecrnlaoms § ng
potential &rddptelye ofR&lguiatd on

1Y gty T RS P)

wheires expnegs§ed mrepresents the eienter f
l iquid(iknterpfralc/éman abses uane6d] ragnd t-he i ce
sol i d i nt[e2rBfflaucadt 1smevraglyi d when the surf a
hi gher than t[h2a€] toifng hfer csm btshtp2a@per k of

0O0The stulggersyt s that the [nanoscal e] wat
from infinity] tb6AGgtipr'epodipattre®ACt o

This explanation would qualitatively e:
temperature of the substrate decreases.
There have been at tlengpubigdet ooexpbwi t ce
surfaces. An i cephoHiubrcocatimg 1 hgui d:
(SLWL) has been detv8]AopeddbywpgChent e al
utilizes hygnasedopbt yaopemrseswi tphrionv indicmr g
durabil ity agahienaslti nafgba @askil oi nt eaenadd hseeslifo n
|l ubricating coating was measured at d
adhesi on wa2s5 r°eC oandde db ealtow, whi ¢clgucadn L
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2.3 Relevant Aspects in Ice Adhesion Testing

solid phase dirsaampdarqadadydaifidhBhmer f azl i
and AMtéganvienicol |l ectlkedt oaheo showdwiebke e
water | ayer at -2% nfpErian ugtest iasndroyw @Gr
Cohesive breaking within the bul k of
the interface, becomes more | ikely at
qguddgiqui d waWietrh | laywer temperatures, i
therefore, its mechanical bul Kk Threper
suggegstapitdhatoo!l i ngmmpe-iya tt lesaud tcriarc ki ng
Ssubstratien icnotnetrrfaascte,t o t he di sappear an
in |l ower ice adhegdi2drheat cleowarhetse mmenr
the disappearing of the |l iqgquid water
cracking of the i1ce[2@®duced by | ow te
The same work of Makkonen tales+giudiiss du
|l ayer at temperatures close@ticsotical e
creep)dInNfjy this state, the ther mal I nt e\
without [faZrBdct uri ng

2. 3St3ress Distributions

The presence of stress concentratio
chal lttomgcogpar e hedatvaarfioam measur emen:
systems. It has been hypothesized that
for the discrepancies of up to one o1
| i t er altauZhpf 2(3s]Jee i s acknowledged that f
tests, the stress state at the interfe
for i n no2s5t] studi es

Lou [b5wdrle amongdtdhme sfsi t ite it onpact of
on shear adhesion tests. | nt ,t htey pi csatl
expres®ddempvOdi Ybpded byodadhestconracte

f acttohrat accounts for Tthire coOtrresdwdooand
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2 State of the Art of Ice Adhesion Testing

determined bytmemesr FEA|I astdatihe i ce det
Cohesive Zozn)g Mbeeéby demonsitnrvaotlivnegd tih
accurately analyzing and assessing ice

Wor k apnad@hdveanshown that up to date onl
have investigated the interface stress
precise manner in which these stress co
uncl ear .

Anot her topic adidsesdedphpadmenbint ®f a
thatt razen i nto the i c[e25du2dpHtes i damildTfi o
stresses can influence t hdkee pcernadceknitn gn abte
explaining why the timespan between wa
another imporcamsi daredabl e to be

Al t heseugblss concentrations are not yet
attempteedsrttaaeess concentrations to facil
t hsei gnidfiictadmcitc .has been demonstwiattkeidn t h.
t he bul K[ 3 9ma4érrd @Gt]lhe combinati on of
mat elr3dalsTanl redjuceThe eumdldrrelsyiomg assul
stress c¢ @moanottreattihen d-or amak $ oat of h eni icm to
then help to propdgegatdd ngg mac r cxec dmeita car

The elasticity discontinuities at the
recebretelny sbowmcilitate 1 ce detachment,
di scoretnihramnicteyd | c e[p3hdolibi was uf baomisgtihdat
composite surédaceanttn dtheestdi sc®Nt i nui ty
only over the safrtacagromg gtilde adiesaso n tMi rcu
to macaoks first on the Irn gadddiatnidom beaa
in the density of elastic discontinuit:
in a decrease in ice adhesion.

Proving this assumption experimental
but Hhéawve ebeetno avit ewmpltisz evi & h-g @ lefe3dujadl eat i
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2.3 Relevant Aspects in Ice Adhesion Testing

mi croscofé&Jhmagpirnegsence of stress con
di scontinuities has beé¢B4¢onfirmed by

2. 3l.c8&uUubstrate I nterface Area
I n the |l iteraturteheorfe iicse aafdtheemns i @ nl & ce
t hhece sampbie ®wiazerally |l eads to the qu

samplienfclaudieen creeasur ed SdhuElséegn s nhvesq i
the fracturaenttebanclouded itlat for an
the ice sample should beizeampbdbsedcop¥ys
This corresponds to appfi@Ri ma8ttely 1 c
By | ooking at the probl iemedrf oenlcd dnteie
mechaanilcayer of ice covering a plate
“bi mater j ali[nfbAgned etdheory suggests that
explained by two competing fracture <c
energy) [8an8BlAdmgener al , smalblehawnit er
d o mi rbayt esdt rwehsea retiitrheefraiiabcsest ant awebhbheluy v

crack piddada&iiéglip) e

Stress-dominated

F Ice

q
|Separation| Substrate
|
S

Figure 2.5: Small interfaces typically fail by a stress-dominated mechanism. In these

conditions, the ice separates instantaneously from the substrate, without crack
propagation. Adapted from [78].

I n contrast, | arger interfaces are c
a gradual cfi8@k gp@d.épagatdiagl vy, t he me
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2 State of the Art of Ice Adhesion Testing

compar iasihhresobn strengths are omnlrye mear
Kknown sttordedsisi nat e d.f ot©d th el vans =f art aecdt huer e

strain energy rébemabpoaomd.gaeM ésothhelhes ac
maj ority of studies dbt hweondiumcdeemrdeh any

det acheneuntrt s

Toughness-dominated

F lce

Crack ITl Substrate
dSs

Figure 2.6: For larger interfaces, the fracture is typically toughness-dominated. The

separation from the substrate is gradual in this case, with a visible propagation of the crack.

Adapted from [78].

Gol ovi[n3Hgtveali nvestigated the effectiywv
(LI'T) materials in reducing the require
the fractudemisatedghhlesesstudy empl oye
wi dt h and rhyeinggh tl,e nbgutth waanging from 0.5
the force necessary to remove the ice
only up to a certain critical | ength of
this critiaoale Iderdgtnho,t tihnecrfed s3el | Dluits r e
experi ment demonstrates the rel ati onst
substrate interface area. When the ice
the detachment is controlled byastress,
the intécbncbeafeand (constant average
removal force for | onger ice sdoamldes do
0, as the detachment is toluigdhnaesfsumnomi o
the interfacial toughne@®s)[&81d the el ast
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2.3 Relevant Aspects in Ice Adhesion Testing

0 ¢O 3'qrt (2)

whesrsg ands for the Qi ot erti@achaeai ghttugth nte
for the adh@®pspi on strength (

2. 3Frhacture Mechani sm

The gltomesnsated fracture regime 1 s ch
surpasses the critical:threshold acro:
T tHov"y (3)
or, depending on the stress state,

, Hon ™ (4)
whewies a point “YoT@3tEehegg 2%).retlerr f aereer al | t
behavior is observed in ice | ayers wh
substrate interface, without significeze

is met for shoftd2&dnd thick ice bl ocks
A characterization of HsShédscriatiecalinta
be conducted based tormrt he ami ntihneusne sqti
correspocnrdi ttiocatthest r es q 3aymdiu e sCo(nsneoen H
adhesion tests, such as the horizonta
to remoie anfle uisee it to calcul afte the

O 7hwh edries tshiebsdstcreate interface area. I
t his aver atge asnmeoar bset rceosnssi dered a pur
it depends on a number of geometric pa
and the | oad application mode. To ha\
strehghbeds to bet dedfhvedpfoomss depe
system and is disf£&ussed in detail i n

At high stress concentr aft32o]jms tamud hh

domi nated fracture is favored. Crack
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2 State of the Art of Ice Adhesion Testing

Ssubstrate is controlled by strain enerc
this case, the toughness expresses the
or , alternatively, t he maxi mum @meunt
failure of the joint. The higher the t

propagate the crack.

This kind of fracture mechanism start
poi[Bt3]The <crack is initiated byaYan ope
bet ween the ice and the substrat®. Thi:
is less than tyheEFpotahi sniterfiaalke apeain
and strain energy must reach their res
called “coypM4éd criterion”

t tH oy 3Y (5)
3 03 (6)
wheo©es the interfaedalo it ow ridreensos ,e switihle
change in potential strain energy bet we
the initial opening. After crack initieé
is only controll ed[] 3., Th]le i nterfacial

Texplain the mechani sm of afrtaecrk tphreo pian
opening hast hbeccameregly crit¢rRBiB3aeradprbepos
empl oyed. Her e, t heéY sderieg@Baecli sngprolpagane
and causes a chang®o.i nTlpiog erhes Whibtrsuilrat

of the differential energy release rat e
— 0 0 (7)

The crack propagat®sommdlodsg ftdhre da wmdrey f i
i nter ffdxce area

The existence of two distinct fract u
cannot be expressed with onl yt o@e val uece
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2.3 Relevant Aspects in Ice Adhesion Testing

|l ce adhesion can only be expressed in
i s otorme mBdredbh e-dgimi nat edstfrrada ;nt uverneesr,gy (
the detachmeandotfhe havercage adhesi on
An interface fr actanmr eb ei na ptphrroexe ndit maln
joinadsbyaight Il i ne, the crack front.
occurs al ong t lcer aicrkt @rrfogpaeg agliamme can b
by aditmewnsi ondl80pHOWweettaromgenei ti es i
structur e ncxatehadsecasil yt ance to crack |
di stortion of the cradk mememonhl nees!
i ntedfraacitsur ot sufficient to capture
b e h a[v&8®r]

Fracture propagation occurs Aty tmig]
stage, thwaeeddhimiogkh flrocmndal curvatures. Su

wi || rapi dhter aenxspvaenrdsree sidiil it @ catgi o mr aac ks t |
propagation | ine. The velocity of exp
degree of the initial distortion. Ver\

close to the Rayleigh wave vedmsvudryse
vel oci ti es[ 80r,e84]bserved

The presence of heterogeneities, or
described in terms of | ocalized waves,
the dynamics of a crack front. Front

arack encounhteetresr cagremhaetti dirgiyalpr opagat e ¢
crackltfrioas . bedrheslkownmiviepsianl ¢orctailal yt o t
frontuyn dvddielad C 0 n dci at nicobness | ‘alnear sesdlB@ddshse”

hi gher t he number of i nteractions b
heterogeneities, the more irregular t
Anot her i mpwhrem nd n alsypzicng the detach
substrates is that an intecdmadieHacams b

type of | oading induces a distinct re
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2 State of the Art of Ice Adhesion Testing
three crack opening mpéedt)mat-pcanépei
shearing or-ofplliachienghe@lFligh7y@ut t eari ng

Mode | Mode Il Mode Il
(normal) (shearing) (tearing)
Figure 2.7: Representation of three distinct crack opening modes: (l) normal, (ll) in-plane

shearing or sliding, and (Ill) out-of-plane shearing or tearing. Adapted from [58].

Il n homogeneous and isotropic solids,

(nor mal ) opeln ntghice ntda stg jomessss, 1 . e., th
propagation, corresponds in t,hQlIsn case
contrast, when a crack appears at the i
path contsd rtah ex eidn[t3e2r, f86djmpskpH eath et he cr ac k
|l onger free to propagate in a pure norn
mat eready mnlent ry of materi al properties
mo d e crack propagation, i nopbedi3n2gg mod
Understanding and recogni zi nigntdesidgmi m
ice adhesi olm eamemeruirme ntthse. cr i ti cal s hea
examplneec eiste @itag cctconf i guration i n which

dominant. This is #urther discussed in
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3 Experimental and Numerical Methods

This chapter introduces the experi me

thesis to perform the shear stredngth

Specifically, the ice adhesion test s\
el ement model are discussed in detail
S.Experi mental Setup

The experiment al test system used in

typepreaented. lnIsectteotn ri g wasodiessi gr
nd i s composed of an environment al C
ctuation and forcefenmeEsdhementvi S¢I13 M
hamibb&as a volume of approxi mately 6 I
itrogen environmentto fporre vt ehret i ecxec easdshiew
n the cool Blde compmoe enft st he chamber i s
ofiles and plexiglass shtep sosfiadteh eu s
ambbe. nitrogen gas is directly witdt
pply | i ne THiI st hteeh dl cavbrsoaraatidicorsyt. @ i t env
mbi ent tyemgedi,atueleat i W& ocbhumi dsit ge

amBert.emperature and humidity.)semsso

nnected to a “CompactDAQ” data acqu

o o o —~ »m 0 T O oS o0 Y o
-~

o O T 9 <© =T

ntinuously monitor the conditions i
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3 Experimental and Numerical Methods

Temperature Environmental
controller chamber

NN

10cm DR o = o & 2l .!

Force sensor + Cooling system
actuator system

Figure 3.1: Top view of the horizontal shear test. Nitrogen gas is directed into an
environmental chamber to prevent frost formation during ice accretion and testing. A force
gauge, attached to a linear actuator, is employed to measure the maximum adhesion force
of the ice sample. The substrate cooling system is adjusted through a PID-controller.

A sample cooling system that serves
chamber. The kwiollti nign sy s¢ @amd wisch conf i
there is anwal hmicroppmp etoh escelt lpeemnmao enleect r i
Peltier cells) form the middle | ayer, i
the ther meslkegilAa ghdl Iscrews in total
sl i mmer pallautnel naugrai nst thetRelrmaér coallas
further minimize thebmaledcomeduBRO) YT la:
has been appliedhenmboed@bsin @aesmiohumhlel
the bottom eoroMed daxraa Isiiqmki d or t he t hi
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3.1 Experimental Setup

the ex®Osnsd htreedtop side, the aluminum p

of the thermoelectric cells and serve:

Figure 3.2: (A) Close-up of the sample cooling mechanism. The two thermoelectric
elements are positioned below the sample holder (the location isindicated by the red dotted
box). (B) A cylindrical Nylon mold encases the water frozen on the top of the substrate that
is to be tested.

Precise control of the sample -Qurf a
thermi stor s. One thermistor is used t
ot her one iIis used to gain additional |
i n t hesysotodmngnd/ or ice sampl e. Dur i ncg
5°C wusing a circulation chiller (Ther

goes to the Peltier cellsTeshcokBtgy | T
2RS23Ihepodiar (heat and cool) temperat
the power i nput from 12V tohe6vVhosdl
ther mombdat @WBlc -X)P8Bave a mavwmonfout p
51.6W amiuma tmanpier at YWYod Bi5f° f@ordalidvwos

mounted in parallel, i.e. side by sid
mnm. The i HRATLCRO001) has been over di me
remov e30upwW tion c o ntbh en adiiroou lwattihon chi | |
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3 Experimental and Numerical Methods

l ce is formed on the substrates wusing
di ameter rangi ngFifg3@Bne .8 To clodn dwunt t( stehee
tests, di fferent freezing protocols ca
this wor k, the sample surface iIis broug
then the water I's popprdxi2matomil yue e a1y I
condi ti amiercee stsiamg t o ensure complete f
inside the mol d.

The ice is removed from the substrate
nyl on momldduci ngsstbseéesatat i nh e rNfeavepeo.r tA |
LTAL witRCCCoGoenxt riod lesed to pusHOt he f
model20N5towardsThhaetotal cdl spmhacement
i's 23 hmmforce sensmet &loldicidshraetgu iegdp eedo  va
circselgament oeofhbhpaet 1L{ gRriegsikBzpe Thiesnt eod
the chamber thrnoughhea plaenxriagwaltel esi dewa
can be registered is 10Me Nf owideh sae nrsecsro
record a force vs. ti me graph at a sal
ruptur s afmpaiteea ifsr equency of 7000 Hz.

The |inear actuator allows to move th
mol d and, therefore, the applied force
the actuator is operated at-stmatsipeede gpie
whernandiyc effects Ampmerbdki.xe By.l lagetd y( sge s
di spl acement speed, the deformation of
recorded.

For the classification of the fractur
the substrate was-spreececdor damheruasi fBHQT RIDI
FASTCAM S6) equipped with a Venus Laow
and a JJC FocusmnBxtension Tube (20
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3.2 Numerical Model

3. 8umeri cal Mo del

Numeri cal FEA is ssabdtratealotkeafact

strain values f oTfThd hmo kelpegiimelnatad s steh
of the ice adhesion experiment: the i
( skeieg3By e

8 mm

A

2 001 Q‘m frd i W_‘ III
— — —
0,005 oms 0 ans

Figure 3.3: Schematic of the numerical model utilized in this thesis. The dimensions of the
model (A) can be changed and adapted to the investigated experimental case. The force
applied on the mold is simulated as a force that acts homogeneously on an area of 1 x 1
mm?. Adapted from [58].

The di meresimormdsdllodct ht he real geometr
andan be adapted to the corresponding
model ed as a force ldis3ibrnimbthithtee do ud vsd rd ea
mol(ddee FiNg¥BEThns area corresponds app
area between the headAofbamededodcamidat

was chosen between the ice column an:q
substrate. I n contrast, a “frictionle
subsTaBBihehows the | inear elastic and i
in the numeri cal mod el
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3 Experimental and Numerical Methods

Table 3.1: Density, elastic modulus, and Poisson’s ratio of the modeled materials. The values
for ice have been taken from [87] and correspond to those of “freezerice”.

Materi al "(kdgY m O( GPa) ’

Il ce 897 9 0.31

Nyl on 1140 1.5 0.39

Al umi nunm 2700 6 8 0. 36

To retrieve the interface stresses an
structural model i s empTwo edi f(fAenrseyrst Mec
are employed, depending on whether the
eval uFaotredstress stttae e maddIcul at iucsresd, i n

configuratiaocnt,u aMh edreetbayc tnheent mft hjhe ¢ T
the experi ment atlil lyai szneadns u med tf @rac e megs eu
model , t twdent awwlr nsst adtinect r i but kFscurbsor até@ei nt
strédosed he AiIi ARDL foode .for the Ansys E!
to read out the stressbsalraee antevdémrmyge

easier aredtnmordeatian anal ysi s.

I n contrast, to calculate the strain
(i .e., t hae droaugkhnewas) model ed at t he i
automatically <changed from fully atta
propagation of the crackbotdheh si:cpearbtl otchl

s assumed to be already detached from
Ri g3dAr, and the part that i1s stildl cor
subodyiighdAr. The crack i s-ssbmuir@ad¢ edaoal)
thaohe two parts of t hteo iaoomdehkelrac Kl haer e ed

part of the ice block is characterized
substrate, while bhbdhhoendetatchhedhpascsiudbskr
propagation I ine iIis assumed to be strai

| i RiegwB@.hroughout the posul iadomomf t he c
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3.2 Numerical Model

i n the direction otfh etrshéelnyf lodnpenen meapmit ii coan
the crack.

A

Figure 3.4: (A) To simulate crack propagation and calculate the toughness value, the ice
block is divided into two sub-bodies. The detached body appears in green and has a
frictionless contact condition with the substrate. The attached body appears in yellow and
is considered bonded with the substrate. (B) Top view of the numerical model. The crack
propagation line is assumed to be straight and perpendicular to the force application line.
Adapted from [78].

The crack front inme amd ngmdc atto thhe sturr

i deal , without h e .e@My eemevintuicd st &(es @ <
crack i s bnuwtt intodied eadssumed to occur at
application point

Thassumphatentalc&k propagatranght nand p
the force appéercht ednodlp dsapigreedn tfashe ei n
AppendiAx mesh independence study for t
avail abl e iAW dAppeomdalx yAs t3a ewasleisd actail accru |
numembdal i s proplosded i n Appendi X
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3 Experimental and Numerical Methods

3. 2.nlt edfoaighness Calcul ati on

The i nterfaci al toughness i &t egaladul
met  88.] 89t he experi mental setuptatihe a
regi me, where dynamic mechanicalAnl oadi r

energy bal ancoeempofnenhe sybtee (ice colu

substrate) | eads to:
&) ® 0 (8)
whewe i's the work perforamed ibsy telxe er

mechani cal rrotgent isdlr @@ me egniec@prnj cahden
di ssi pated due to the propagation of t

reformul ated as:

() () () (9)

(10)

whewies t he crack pempaghéei onashbeedcaanme
The propagation speed of the crack fr«
the or/ldegeoRPApmendiwvhelAact uati on velocity
is in the/(sederspbtTloea | oad can therefor
ana mThe patlenener gy amd terutsi rceil ryecu
propagate the crack along the interfac:t
be divided by t Re mweédgulht iofng tihre: materi al

_—_ (11)

whewQgd Q'Y s t he newarcea cfkorsmed alcye Qtbhhe cr e
The -hagtt si de of ctorer essgpwaitdiso nt ol Htdh)e d «
di fferenti ah[t @dr]eerseyn trecdl. Blaindess ¢ ¢ miad n equ at

becomes:
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3.2 Numerical Model

O (12)

wheies defined as the energy release r
To impase theondition in the couaméan
di spl acemtotcexfomddet area .hAasonsdemt
di spl acement ofstaeemasdidycedet osmani @
and thyius vias ent to a statadarcedmeg,cextapmprn
work is dondhencrlheksysmemis then mov
fully atubthedletached, and at every
propagation, the elastic strain energ
Based on the theoreticaa. d.axhkegrsauwmd n
rel ®ase be derived in two slightly di
process that tbhedesactibhéedcrack "™Opsenin
dei meedr a 3fYi nas epraagwiaous!| y Idre stchii © eidn D
the interfacial toughness is defined
opening over the Agsiamkl iafreieesd ®InD tolf e t dipee
mod el is developed.aZ2nd her puepioasdeiod i $
to investigate how the force pushing
which fracture mechani smniad yismist icatnec
opening of the crack, not its propagat
rate was done between uncracked and c
The 3D numerical sédhofl®BnitHheusledmensi on
t he i nterfaci al toughness and it w a
measurement of the interfacial toughn
measure the force required tesapsopadg:
i nterface, rather thaeagson, ntihe adieme .
was carried out based on tThreetdriafifne reenne
rel eadsscherretdéboc el at ed ac(cd)(daind) vihoy iema at
di fference of strain energy between t

crack area.
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3 Experimental and Numerical Methods

For a crack to propagadief faebrbenngtiihahle n en
release rate musit Oexceeery ooi Bitgalf ev &l

35represents graphically how the inter
numer i cal model . A constant force i s afr
crack i s propagated along thanE@ngure ir
34. The energy release rate is then cal

and this resultdiigRbrtehe grsambs saamewn tihre
forcaeplied at t hei souttlsda dleo wd sttthdefea ombod df
propagates alongl bhtehesti cndaeeijfratceafl adc ® u
as the mirmgialmcmehefrggheg®el eacsdbowat as a gr
dotted | ine).

4.00 T
3.50 +

1.00 +

050 +

0.00 — t t
-0.006  -0.004  -0.002 0 0.002 0.004 0.006

Figure 3.5: For a given force applied at the outside of the mold, the interfacial toughness is
calculated as the minimum of the energy release rate. The Z-axis represents the centerline
of the ice-substrate interface, and the force is applied at Z=-0.006 m. The part of the graph
in the red area is not considered due to mesh dependent results.

From the mesh indepermBddnde stvl dseenitn ot A
the edgessudbfstrlaceei caterface, t he num
dependence on ({{The meshiagdElads i fihze ef or e

considered for the I nftermasch adleg®mulddmee
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3.2 Numerical Model

attributed to the insufficient mesh r
time the simulations were carried ou
available were insufficient to obtain
ef fects.

To calcul ate the ¢ ha-saancdt etr d-dsg ice agsteadt
fractuae@® ,( respecti vel yar,outnhde tfhier sitntre
was excluded from the calculations, a
near the point Howe Yheer cvamtfapmldioda tei aro.t
calcul atedadtfiomredt hes t.haThearmi reixmdmdeh
t ,is expected to be found awdylen ¢ drmrt
edgesas the stress peaks aerdegeg e n2egriotnlisy
the sameet mmei mum efOerygysrébaadewhat e
hasgt bavti @ddth. Thernefaar d ,hfeb peoe mddapwd beat
excl vdeditorueghness calcul ati onspt Whi hg
the differencesiitnibfr@mot arsdlectaerihp hepilegse s
di stributions.

The method described imhhenhies faaedtailon
i nhiagdfl fyi ciweintth wasysoprgpaitt att @ o rHolwewv e s ¢ u rt «
met hod does not allow to differentiat
ipl ane shear opening).,eca® ofrne viiowts,l y
numer i cal model used in this work cal
enefOy Wi thout con@i eaedi 89 &8 h & @ png m m g
For t hitdverretassaln,Cr ack Cl| dQigdeu3e2dthongqgt
version of thE&hinsameompgad sasmiordleast | t thaeo le n
released during crack opening is equi\
crachkl hods to investigat®@®ahtdesheoeatrbbp
(O) to sheat do)&CroaarsgeyyOoennl pe cal Oul at ed
'O[ 32hd the magnitude of the sdriodi ng c
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4 Results and Analysis @hear Strength

and Interfacial Toughness

I n cRaptewas di scussed that in the 1|
wi th a measuarei toifc dlhfes WAz Takgites esspr es s
adhesi oinn@ltuhdeeasd nt & r faatcdes airseaof t en asst
measur ement I s | sddbpemnmcdert [i220Bc. A ce cC
previously dbssatwsmsear,d threace dac @e potre de
met H owoie aisnigc e adhdximprnt.s have been mad:
sysdemendenicee adhesi onuane assurtelmee nAdhe
Factor[ 5(9ARK X the comparison of i ce @
chal I[exn0g]i ng

This work attempts to verify the are
T "‘d6.The hori zdoenscailinbsehdBaapt airsed t o per
adhesion tests onalaumiomumdsrediliad wTyrs tarvati
washosen dae gttoatvlael ability of ice adt
degradallilhe wetsdrsper foylmerdd ruisaanlg i ce co
mol @bBroughout the tests, changmdi €he
Ssubstrate temperatfThhrere amdbs ehept empasa;
environment avl chod mbdre wad ati ve humi di
bel ow 3 %, and the sulNstrpatJAftempehat w
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4 Results and Analysis on Shear Strength and Interfacial Toughness

was poured into the mol dg, tm®] sambmdta at

freezing time of 20 minutes was ensur e

Mold

o
F . D
=
h |ce H
Substrate

Figure 4.1: Schematic of the horizontal push test with cylindrical glaze ice samples. The
characteristic dimensions of the setup are indicated as "Q(vertical distance between the
pushing rod and the substrate), ‘O(ice filling heights), O (diameter of the mold), and & (mold
thickness). Adapted from [78].

The analysis of the interface stresse:
parameters and characteristi i dgalmensi o
shows a schematic representation of t
di men®O@mnoest he freezing process is compl
the nyl on mo®Qfdr oant tah ed issutbasnt ®@eaetcee,s saamrdy tt
remove the ice is recorded. The i1 ce ad
were olbyapeefiorming several eEXpeEr i ment
Additionall vy, mo l0od § ®i @ hwle ried eunsnmedd atnee t fea
ice column on Ftolme esauwihs traanidhel natt | b @ a wtf
measurements were performed.

From a mechanical point of Qwhamwgesa tviaa
bendi ng momsunbs @t attahnddhnutserifnadcuec,ces a di f
di stributi ohskieg4®Prhee i nter f ace
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4.1 Stress Analysis

Figure 4.2: The composition of the stress components at the interface (T for shear stress and
» forthe tensile stress) changes depending on the pushing height "Q Adapted from [58].

The ice adhesionsheiwhil g48r ®Th d& ha we rsd g
stretngtd®i s given as a fun®dndnt bd diheer
of thelmoltde case where Qhefebetest edus
with doamgtmm wascantidddhtedt ebhs with
di ameters wefeyppahi ogiitdael gthma

1800 + 1800 -+
1600 + 1600 +
1400 + 1400 —+
_ 1200 + _ 1200 +
vl [y
£ 1000 + £ 1000 +
< 1 < 1
= 800 1 X 800
600 + 600 +
400 + 100 + I
200 + 200 +
0 0 -
1 2 3 a4 8 14
h [mm)] D [mm]

Figure 4.3: Experimental results of ice adhesion measurements on aluminum alloy for
different pushing height "Q(left graph, results obtained with constant O =8 mm) and mold
diameters O (right graph, obtained with constant Q= 1 mm). The average shear strength is
obtained by dividing the ice removal force "Oby the interface area 0. Adapted from [58].

It is evident that Ky tche ngtimegs s heorm
di fferent distributions, and thus the
di st@incer eases, valhuet rod dletcirr@ases. Thi

experi ment thiighlnioghtexcHawi vely a mat e
on the experimental technique and the
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4 Results and Analysis on Shear Strength and Interfacial Toughness

and thoowan be used to compare ice adhesi
and test systems rises spontaneousl!l y.

The | iterature commonly extpr ea®ge®s t he
nor mali ze the nmetmsariendt ercfea @aed bamea.ni oy
of the average shear str esogft h& aorbd al h el
shotwhshtchangels257r otm 279 k Pa -ftoad id¥ S 8 ri nécSe
From these first resull twsaliute sc aonb tbaei nceadn
horizontal shear test are heavily deper
sysEemne hamii rnveaer yichh atnhgee conf i gur avtiitdhn of
the same substrate and c ornesstw@mtt oifers vii m otr
ice adhesion measuCemeeadueanftd ogmp & roi s4o00n0

adhesion values fapmedr §fevent mbeet ds ¥t
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4.1 Stress Analysis

4. 3t rkemasl ysi s

The stress cowmpbséntseai ntbefrance hav
t he numemodall [FrEAs en.tRe 44 osvesc tai asn mu |
the ice adhesion test performed with
deformati on®=08 mme @aod O=Il & O0iuened)ebr! oacnk
arbitrage=y 1l omamd have been calcul ated a

3,6e-5 Max [m]

ke T Mold

3,7e-6
3,5¢-6
Ice

Displacement [m]

Figure 4.4: Representation of the simulation results. The color contours show the
displacement of the mold (O =8 mm) and of the ice column ("O= 10 mm) when the load "Ois
applied ("= 1 mm). To improve the visualization of the deformation, the displacements have
been magnified 30 times. Adapted from [58].

The color contours on mold and ice b
the initiat pasi beoseen that even whe
point consid&red mm) t hi ses¢uidy & cl ea
the ice bl ock. I n fact, the displacem
substrate.

The numeriiscadl snoo deed p d thlee sdife ac a lacnudl & te
at t saubgtcreat e larvtea rablgeec er.e mdWeelt e f mir T e
exper i me mdelegmp( agedn i npuVadmplri eéchei rf
numer i cal mod el at the same pushing h
provide a “photograph” of the stresse:

the substrate.
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4 Results and Analysis on Shear Strength and Interfacial Toughness

Th e -pilmne s he apru sshti rneg©sheesi gfidirssa 4d mm ar e
pl ot Fed4br al n both cases, the 1l osagedteiawde
exper{(OomeBt 8 N flomim=add. O=N4fwam)ppl i ed.

Theame col ims sbleesde thaet di fferences |
di stribution Ictan sbeemwdpdperntc gheaetd st r es s ¢
close to the force &ppliAtatti ben pPpwii mtt afr
the maxi mum s heairntsdrrfeasce svaweairees ditf ftehree
showihtagii s i s not the correct failure c

the ice from the substrate.

6e6
S5e6
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Figure 4.5: Distribution of the ice-substrate interface shear stresses forf®=1 mm and Q=4

I 7,3¢6 Max [Pa]

h=1mm h=4mm

Shear stress [Pa]
|

mm, with O= 8 mm for both cases. The respective forces leading to detachment have been
determined experimentally ("O= 63.2 N fork®= 1 mm and "@©36.4 N for ‘(= 4 mm, see Figure
4.3) and have been applied to the numerical model. Adapted from [58].

The cylindro®Osl 8i ecnen wsledmnmne| ahi sebyud

when compared to the configurations us:

l'iteratur e. For t hi-donpianrattiecdul farra ctteusrte c
expelciIe,d32As7 Al TRlady me2nt3i.dooe dl aime haewtdi ¢
mechanism to occur, the shear or the te

stresacrtoksseént i re i ndgleoiwhacgdBr elt rh et lseu brset s
does®t ethharngughout the experiments and,
threshold is ndtf exhpee cftreadc ttua-ceo mercghtaend s
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4.1 Stress Analysis

i afloaxperi ments poexf drinteed cwilhemntshhee s
stress threshold should be found.

le6 le6
5 4
—— h=1mm \ —— h=1mm
—— h=2mm 314 —— h=2mm
h = 3mm \
4
— h=4mm 2
1
—3 —_
& g o
~ 1S

' w -4

—-0.004 —0.002 0.000 0.002 0.004 —0.004 —-0.002 0.000 0.002 0.004
Z (m) Z (m)

Figure 4.6: (A) Shear and (B) tensile stress distributions calculated with the FEA-model at
theice-substrate interface. The curves represent the stresses along the symmetry line of the
cylindrical ice samples with diameter O =8 mm. For each case (for (= 1 mm to 4 mm), the
corresponding experimental ice removal force has been applied in the numerical model.
Close to the force application point (0= -0.004 m), mesh dependence was observed (see
Appendix A.3). Therefore, the curves have been replaced by exponential curve fittings
(dotted lines). Inset: Shear stress distribution at the ice-substrate interface of cylindricalice
columns. The symmetry line is indicated by the red line. Adapted from [58].

Thet r ess duesatarail byuzteido nassoidned tphree VHEOAU S| y
Fi gdasechows the shear and tensile stre
cylindricalO3c&. mBapl ea™®dwilt ansne t(d o4 mn
corresponding expe®nrhcasse niead n i &Eep lrieento via
mod&heaxi s is the coor di nahteégb=edl. DrOgt titls
cl os e toitna twhee raep ptlhieedf 6arndé 41 §he Karel
values near the pointextr dgflcaatgédagn i c
exponentialtft edAtdidonre s pnal | y,vetrhye |satsrte

of cells nearhavwe bheadrerfeagxlcd cadtelzsy me s

75



4 Results and Analysis on Shear Strength and Interfacial Toughness

dependenther enewslht 9 mfd etpleende nrceesul t s i s at
A. 3.

Analyzing the sliFeagrdibAsgt rigs si sdicslterairb utthie
of the curves change drastica®=ly wmen t
to 4 mm, respectively from 5.46 MPa to
di fferencet expmonésgddd %as On the contrary,
show a relaft ifveodi 6hlapeb&mon oni c beha
I n faet,l1 from the curve mini muds i3s mim3 8 Kk
The complete r aaudlltes are reported in
Table 4.1: Interface shear stress analysis for the cases with pushing height Ofrom 1 mm to 4
mm and with'O=8 mm. The average shear stresst  is divided by the minimum shear stress
T, defining the Shear Stress Intensity Factor (SSIF). The SSIF is specific to a test system

and can be used to retrieve the minimum shear stress by knowing the average shear stress
('CY0). Adapted from [58].

Almm] | Zmax [kPa] Zmin [kPa] Zave [KPQ] SSIFf 7t
1 5460 588 1120 191
2 3317 646 1013 157
3 1874 675 883 131
4 1086 606 694 114
w Tt 401% 14% 61%

| n t heex pfeorui rmecmotnasli, dceéahseedsimn n esniilepdcree s s h as
reached a wdhiemi Italre liecveel det a chcecdo rfdri aarg
t p3l,a33jdoms mat ed f r acst ucrhea rnaeccthearnizsend by
that exceeds the criticalConaslewgea enhhaltg v e
should be taken asdotnmienactreidt iiccael asdthreessiso
thre ni mum interface stress, not the ave
The tenanheypdhow@sgaBe | n all four <cas
showoamparable distributhieonm edfatt gpsidlid

maxi mum st g&,esfs walBbleh8s. iisni toifalt hporn tnitem f
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4.1 Stress Analysis

I n al setteantsel, while the remaining part
experi mentOel 8cammes awmi timstantaneous de

al so 4&.eRlthieorcondi ti on for an i1 nstantan
| evel needs to exceed a critical thres
be reached, as there wild| al ways be ¢

approxi mamnel  yhleseeoconsi der ad 0 ®sasxnto ttatse

a failure criterion iemphepnedhi zost al
I n contrasshsdaniahes BHher s ®d meamdn e t
obt aexeaer i mental ly wiTthteawetf orlee @s en eavf

I ntensity Factwhi ¢8Sichn assdefi eagper |
(T a bdlle. Thies SEd drme e d niditldleyf,i mehde asrer age
stress divided by the mini mumreleamare ng:
only on the geometrical par amea®rwi lolf
be sheeoatdi ®n2e it has been clompdtapgpl!l i
A novel research approach based on t

strength is proposed in the next sect

4. 1IPrloposed Research Approact

The experi ment al results on anodi zed
shear $t,isengtoh, an absolute surface pr
conditions and the configuration of t
comparative tmeaxnurseamdnt sprovide val ual
fracture mechanism has been identifi ec
a critical shaar stpess,ibly independe
A novel reseadhehaappr at ehdnmbEeass uormesnset nrte
summar Fezgdrii enf orm of a feldoen pcehrairme mati at |
numerical steps. The process caatbp a
however, heaapghpalsi eodkeetno t he horizont al p |
The phasebsen desigdemnhi hnat ddvforaat st e
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4 Results and Analysis on Shear Strength and Interfacial Toughness

avoam wunvoluntary chdogenatnead mecthauwmg |
consequently, a wrong interpretation o
parameters are the ddsiagm rt hlee sS Sil de f toir 1
test system configuration.

Selection of ice
adhesion test setup

For this study:
horizontal
push test

4_‘ Design rules f T
i Optional: verify

Optimise test . .
P with high speed
parameters
for stress-

dominated .
18 stress-

e detachment .
Estimated dominated
Tnin a0d G, I —

Run simulations
to determine
SSIF (e.g.
transient
structural
FEA model)

camera t]l'rlf

the detachment

Perform

adhesion tests

by calculating

T = L7

S S

Tmin =

Tave/SSITF SSIF /
[ Terit = Tmin J

Figure 4.7: Flowchart of the proposed research approach. The hybrid experimental and
numerical approach aims to increase the accuracy of the adhesion strength (1)
measurements with the horizontal push test. The orange boxes highlight the experimental
steps, the input and output parameters are colored in cyan, and the numerical steps are
shown in blue. Adapted from [58].

Il n prihneci PSleFddcanedef or any test sy
struct ol t REAcases ®Windmplushmntfo h£ i gim
cylindricealOhc&, mmhem8SI F val ueflabHaeve L
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4.1 Stress Analysis

41. | n 4s.emk.tddiomensi onal -domi yaisedfoasehe
whetrhree dependence of the SSIF on0Ogeome
ice fildimpdheicehtp vs hminmdAymeidgihotnal | vy,
the SiEBlldftoesd di fferent acbooymiomattiromrs vafr
providing a compl et e i @alhamaafcdsrehrdetsez o notna

shear test with cylindrical i ce colum
4. 1St2r ess Di mensi onal Anal ysi
I n general, a physical flWBRdtion wri't
©w "QOROM M MM (13)

whewies the quantity to be model ed, t he

are expe,esspeadehlry boundaifhhecdedgendens. v
win this caAsa,e arhde i ndependent variahb
By appl yi ng MThhee oy @@k 9elgthami on (13) ¢
as:

"o H B H (14)
whenies t he diumbresi o l“ eTshse vvagilisaebf logisn d as
& a, wheaerse t he number of dviasr i tatbd e U mMe

i ndependentF@lhlyswicrad tthhei 4dssp a nudstautr dv,ea r

expressed di mensionl ess as:

wbQ n (15)
Thex p o meamntdo fQ a nry, respectively, “aire <c¢h
di mensionl ess. Equation (14) can now
numbenr gMBMof theOohueacecomantamupet bensabs
A stdroemssnat ed interface fracture car

equati on:
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4 Results and Analysis on Shear Strength and Interfacial Toughness

- "Q OAGICH— (16)

Si ftee@ how a dir ectroipsr opmmrgii benradd tg , si n
varilamdb|l &dao,igt i @&nghdi cate the geometric p
systaemot &iigdlr e ©Ondnd are the Young’' s mo
substrate and ofThteher eil @e¢i @an s8Scmpic thevel

considered for equation (16), |l eading t
—— Q-h-h— (17)

The -hlaenfdt si de of equat i odii n{eln7s)i ocnd ne sksy cn

resulting in:

—— 0-h-h— (18)
And finally ending with,

— Q-h-h— (19)

Note thbhanthei tdefof equation (19) corre
t he &r5d Ft hathamnlkde si idg iKNA, &fOe n éds @O0 nT h e
validity domain of this rdha&t modsehi p si
devel oped for cylindrical i ce col umns,
ot her i1 ce samplde PEOMapesg( d ®su 8ha tGPan wi
and for g0 azde 5 c@E&Pawi tthhe value of the S
the Young’s modul i of the substrate anct
simplified to:

— QO-h (20)
Thi s sruggelsttad uked @28SItF only depends on t

geometric variabl es "@®a n@iOeE qtueastti osny s(tl1ledn),
still be used al o Bdr GPaf, t ehro wewrefrg c e sh
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4.1 Stress Analysis

SSI'F are only wval i@ drm@ vtah dlith es pfeucnicftii
described2Pgneghat ooonley( dceapnednds on t w
can therefore ber aphr eprentiedli ngn a KLtDr
used in experimental d dbhre sailoln tshter engh
O 35 GWPaalidation of the d-amandioanal
tougimens nated cases is presented in A
The numeri cal mod2li2sdesedi ti md ciad lcue &
the SS¢$Fichootbi dhia @OamMAFO.Pdr each pair of
vari abl es, a stamcbutahbrygi meoxadeu taemdlWwi
the rtalbeveraffe d$heaacgver rtelses, mi hi,muwna ss h ¢
deter.Botntbdntd ar e cadtchidnateend alt enodes

Appendi x A. 4 ftohre tster evsad i adaltd wlnatoi on n

Stress-dominated o D Mold

F > Ice L

Separation|  Substrate h Ice IH
S

Substrate
3.0
2.8
2.6
2.4
2.2
2.0
1.8
1.6
1.4
0.10 ' 1.2

0 D 0.4 0.6 0.8 1.0
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Shear stress
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Figure 4.8: (A) The dimensionless SSIF is defined as the ratio of the average shear stress over
the minimum shear stress at the ice-substrate interface. The graph shows an example of the
shear stress distribution along the central axis of the interface. (B) Shear stress intensity
map (SSIF) shown as a function of the geometrical variables "YO and "OFO (see Appendix
A.6). Inset: Schematic of the horizontal shear test and its geometrical dimensions. Adapted
from [78].
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4 Results and Analysis on Shear Strength and Interfacial Toughness

Fi g48Aeprovides a schematic representa
For visualization purposes, the graph s
interface,; however, the SSIF is calcul
map i s Fihg@BBne iTnhe single simulation poi
cubic method to construct the compl ete
the plotting method).

The contour mapagdBgespehiedl|l |l yp rZ2xpresen
obtained with the di mensional anal ysi s
onbp @ 0.5. After thizp tcharesthel fdyr telgaira
t o:

- Q- (21)

I n experiment al testing, the SSIF can
hei gro,t aofd 0. 5. Kinloevi ager aget sheam ®heert
maxi mum i ce "Qaenndo vtahle fcoorrcree ¢ p@n dni mg ma &l |
stress is determined as:

t — (22)

The contour 1Ra pg4dpveawstal e da$leld {elxrpoeurg hmen
a rsieefs 1 ce adhesi on -6t0690Dt sal wan dnw ann epd t oy
experiments, the geometry ofQOtame 1t det

ice col UOamdOh awes. eedach measurement i s
st rdeosnsi nat ed f,r antduehouseagit@aat mini mum s
T, should be found by the. mMbdelvat bheolt
det ergm Iheyldyt he substrate and is i ndepen
of the test system.

The i ce adhesi on Trahd28 htes sasdbre@es PAIe s mplt e
ubstrate wawdthes ek atshur@eungmt s. A consid

[7)]

Q

pplied force and measured average she
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4.1 Stress Analysis

deviati 8®. &hd %, 1r3e s6d exc tfiawel,y t he geom

system influences the measured ice ad]|
however, it i s possible to account fo
resulting in an al most T cavingtcdntt bdiurmie

standar dofd & vhiea tnmeoans dr & méon t

Table 4.2: Experimental validation of the SSIF map. For each test system configuration, the
numerical model is used to calculate the minimum shear stress, ¥ , which is only
dependent on the substrate and not on the test system geometry. The ratio of the standard
deviation to the mean value (, @ fafwas calculatedfort andf . Adapted from [78].

Ice ITH' 3 7|‘|’ App'IEd SSIF = Véo W r

Diameter Force w.z [k a]- [kPa]
[mm] [N] W

8 0.125 0.525 55.02 1.9 1095 576

8 0.25 0.625 48.56 1.2 966 644

8 0.375 0.625 38.82 1.2 772 644

10 0.1 0.4 91.36 1.9 1163 581

12 0.083 0.46 107.34 1.8 949 527

. Ty 13.6% 7.5%
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4 Results and Analysis on Shear Strength and Interfacial Toughness

4. Poughness Anal ysi s

The anfalhesiimterface shear stresses wa
results with a eoOn&tmamt Imoltdhids afmen €tr s
det achment nceocnhsal eibsesm@at wasd t o-dbeni shead,
mani festing as an instantaneous detac
propagation. I n the foltlemmisrhg isceec tciool nusm
O 14 mm is consi derceodn,t radand etdhdraotghe

anal yzed.

4 . 22.0Mo d e |

A simplviefrissidon2Dof the numeri cal mo d e |
rodfe geometri cal parameters suchoms for
t he 1 ni tticaudimensosf atatced ur e Fmec¢ hanimbme2D
mo d e mpilsb as dtehses r el at i ve vcaorndoda sbku ta penrsi r
modesor mad!| anre isnh ewairt ho ptehnei n\gg CGaf fi inc iae nrte

way .

N 1e-5 Max[m]
8,9e-6
' 7.8e-6
— 6,7e-6

5,6e-6
! 4,4e-6
3.3e-6

Figure 4.9: Numerical 2D model for the investigation of shear stress and interfacial
toughness. The force is applied on the mold, in a similar way to the 3D model. A constant
deformation wresults in a force "Oon the mold. Adapted from [58].
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4.2 Toughness Analysis

I n the 2D model , the same mold thick
conditions as in thbhbe3bumedetawemedeimn

the shear stress and ssturbasitr aereeri oyt edifs
the bodies, forOa Tei vedn@stua eflei endu mfea i ¢
performed under st a3.i@c lcao nddei htsi toamast i (osne
i mpoosnedt he out s(isdedegddy et he mol d

The pRiogddrkean be constructed with a c
t 600 kPa (taken afnrdomns d mttie®rf &AcF/ahmh t o
(takeh3BBommianne s hear -aolpuemii muwm Oiliretaenr fi acc
t heoretical background fomgd4lr@an clmenstr
f ounAMdppendd x A

2,0E-05 -

1,5E-05
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>
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Figure 4.10: The plot shows the critical shear stress (T @ R0 )¢%end interfacial
toughness (‘'O o Ufa ) as a function of the crack length and deformation Gon the mold.
The deformation wfor which the critical shear stress is reached over the entire interface
(blue square) is compared to the one necessary to reach the minimum of the interfacial
toughness curve (red square). If the blue square is met for a lower &y then the detachment is
stress-dominated. Otherwise, the detachment will be toughness-dominated with an initial
crack opening corresponding to the surface percentage of the red square. Adapted
from [58].

The exoomi mesdefarremgaitiircerd t o fdeand mad ed!
ot ougilmens s at ed Tdheet gaobh mehinéc.hent i re i nt e

the criticaé¢psbeant sdreygsailBl ue squar
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4 Results and Analysis on Shear Strength and Interfacial Toughness

critical strain energy <condiWhenn tihse m
deformaé¢éqgowinred to reach the critical st
than the one necessarcyritto craela csht(rtabieén neinr
squarthen the ddbomchmertdt h&€opatrasal defc
wat which the conditions Z.08. &rhee nteotu pbl ee
t he i nter f adcoemifnaaitlesd bdye tsatcrhensesnt . I n thi
be t o wdgohmi ensast e d , prad tc madcfki nsiutrifaal c e per
corresponding to the mini mum df9.5tlhe cri
The second set of e X p &1 igmeced napd a rreess utl ht
apparent average shear str®ngt mmofandn
5 mm to that of an Dced4d comOahdmmt h d
(Fi g4drlg he ff @lud di fference in adhesion st
anal yzed vwirtshi otnheof2 O he numeri cal mo del
Threesul tssi nufl mtt B oendi gdilrkemow t hcaaas e noft h
the i cwi tdilamef® e8 mm, tvheetrpe®i retnt i re 1 ni

reaches the ¢(btueabkgshea) stsres@ached f

o

ompared to the <critical strain- energ
domi nated fracture mechRing4drd i s predi ct

A Stress-dominated B Toughness-dominated

20605 — 2,0E-05 ~

G>G,

15605 4 1,58:05 1

1,0E:05 | i % 1,0E05 +
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Figure 4.11: Comparison of the deformation wnecessary to reach a stress- or toughness
dominated fracture regime for anice column with (A)O 8 mmandO 5 mm and with (B)
O 14mmandO 3 mm.Adapted from [58].

8 6



4.2 Toughness Analysis

Contraartiolubmiesast ed fracture mechanis

an ice samgl amavti B4 mm, wh erst rtahien cernie
condi ti d&n gulsB ment t(hi s case, the detac
characterized by a gradual crack pr

det achment typgomahatoédhtehemosdherl.e ssshgges
signidfiif¢d@mtence i n iiccee caodthuBsnmomodihedt we e

mm c aant threi hucta@dnge in the fracture mec

A Stress-dominated

Background sub.

B Toughness-dominated

Ice column

Background sub.

Figure 4.12: High-speed visualization of the interface fracture for the cases of ice columns
with dimensions (A) O 8 mmand O 5mmandfor(B)O 14 mmand O 3 mm. An
instantaneous detachment in less than 0.17 ms can be observed for the ice column with a
diameterof O 8 mm, while a gradual crack propagation in 4 ms is observed for a diameter
of O 14 mm. Adapted from [58].
The results obtained with the numer |

visualizing the interface fSpaetduacta mam
6 00r0a nfes p¢ri gaubpdolned | mages show that i
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4 Results and Analysis on Shear Strength and Interfacial Toughness

sample withh 8 dimamether i ocevuffasentfhact 0.

msFi(galree)e , whereas the fractur e drdopaga
mm has a totaFi galrBgT.h e nd eotfacAhmesnt( of t h
Ssubstrate can be identi fi eRurbtyh ear tmboeree

i magesunhla&vmopnteoceg s mage s utba rhkaicg hloing ht
portion of the interface dretgadutr®e nghédet
entire interface appears white in the g
t he i @af ¢ ef a o@oen vierradsnee) 4lrBe o nnhiynparr t i on of
the interface dppaart sdwhgiretsd einng tah es | souw
crack prwhpatgwyapiisoal, odomi nmatugd ncketsac hmen
The diffesentesi bedmwdetno-dsgmiresastsed f r ac
i's more than one order oh meghbiwmdeubst
i n certajernv emonciet isd-baveirn att @di gfhrnaatsur e n
bea oo f ast to be differentiatddclky odye
di fferentiation between fracture regim
thereéserti al to identify the mechanis

measured @&adhascidostfrersces.

4. 20p2t i mi zation for Adhesi on ¢

The above studyAwas$0cschdwethed ¢hooir iaznon t
push teptcalsltyaempdsdoyede ice adhesi on
surfaawhsg ch often exhibit di fferent cri
Previous experiments have demonstrated
di ameters below 15 -anmd caoddgmingg®mteed bfort dic
mechani sms.

When expressing ice adhiesiion eassanshatk
t hat the detachmednotmi naat edf e Ot heelwy seait
adhesi omagerengtbading. To use the SSI|
the adhesion strengt h, the detachment
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4.2 Toughness Analysis

i nteGfaena. t hat di fferent surface <coat
toughness values, It i's possible that

di fferent fracture mechanisms dé&pendi

I mprove the reliability ofeddbhesrbaks
tougimens siantteedd f ace detachments, the (ge
test are optimized numerically in thi

The geometry of the pushOt&smm, saopt
mol d size was obsdermiendattead Iferaad ttua ea rse
iI's to i1 dentify test systemQalneds iigcne psaarr
hei@@htwi th the ai m-doofmi mraadneadt idnegt aac hsnterr
reducing the I|likelihood of misinterpr
to an unwanted tr athesmitn atned nrteogitrne. t o
Threel sagead n ener gye fpoerrnuadtgf ubaer ei coef ctohl el
showhi g4adr8¢ The curves are plotted as ¢
for different hé&ilghtcsa notfinmtdme tisde ac ml @
rel avdadgehd | ower i©aend,0lamams eheu grhttisy, t h e
release (toufgomebeyWeli spuehichg@gdf orces.
the i ce ca@l urmre hwirghotsmi hatgdnésactur e
Fi gdlrBe s htolwes i nftllue nice®©coriet ydt i nt er f e
trelssesaa.n be obsbdevddweh®tt hteh ei chei ghheei
eform@aitien, the applied force) requit

o

the entiTlenmftaemdoacferom the point of v
a reductcheéeéonceéncol omnt Wea ékgeh tiah otoodu-gohfn e s
domi nated fr actdiami.n altoe d afvroa mtalerdes,r etehsd

O 5 mm for this case.
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4 Results and Analysis on Shear Strength and Interfacial Toughness

1 8E+10 ——H=2.5mm

A ABEHID T H=5mm
1,6E+10 H=7.5mm
1,4E+10 ——H =10 mm
1,2E+10 ——H=125mm

——H=15mm
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Figure 4.13: (A) The released strain energy per square of the deformation @ by the ice
column as a function of the crack length and for different ice heights "Q The lower the ice
height 'Q the more a toughness-dominated fracture is favored. (B) The effect of the ice
column height "Oon the interface shear stress distribution. A higher deformation wis needed
to reach the critical shear stress over the entire interface for lower ice height "O. Adapted
from [58].

I n this optimization(iphf andedpazsiiuneg)s
toughnes3 &hms been taker 321D Hwuuwdy et
influence of "Qdre tphues hfi mngc thierigghmechani s
remain in a fail i anmo.d th@ e ptwhiney aa sesdu Mpyt i
of a constant t oughnleos st hvasl ueen di,s an oV ClCo
carried out to investigate O handebat. it
shea®) ngt (ain energy ©OblLn hacdcornt[@A]|cd rwi

the total Ostcannbeneafggu(ated as the s
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4.2 Toughness Analysis

strainOewelOyC€orfsequefnotrl yan op-sabsasgr atfe

i nterface purely domi na®®odi sb ye gau asl h etaor

1
A 0,9

0,8
0,7
06
205
04
03
0.2
0,1

0

B 2,5E-05

2,0E-05

1,5E-05

X [m]

1,0E-05

5,0E-06

0,0E+00

Crack length [% of Surface]

Figure 4.14: (A) In-plane shear (mode Il) opening energy ('O ) over the total opening energy
("O). Avalue close to 1 (red dotted line) indicates a shear dominated fracture. The analyses
presented in Figure 4.10 and Figure 4.11 have shown that the minima of the critical strain
energy curves are found between 0% and 40% of crack length. (B) Comparison of different
pushing heights "Qand their effect on critical shear stress and critical strain energy. Adapted
from [58].

The r a&afro0o sofcal cul ated with the VCCT
l engths and pws yiblnApThee lgdaraemt of t he ¢
evidenceagd eiem lainglhtcor rodfeop 80 s and &aor at
l engt h smalTlher atnl&kd g4 @nAifg4lrBe shows th
the mini mum of the icointsi calendd tryvwaedabns @ m

and 40%, justifying the choice of con:
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4 Results and Analysis on Shear Strength and Interfacial Toughness

The only two | ines tthhadsceeneéep@mnlthi sgr €
mm am®& mm.veCGgreilry t He 3cmme@adimm a mi xeo
opening mode is observed and, therefor
based on pure shear conditions.

Fi gdlrB compares the curves of the cri
toughness fof 1punsmM@Qarigdmme i d mtt ®erestingl y.
toughness curve I 2pursnh e ds uugpgweasrtdsn gf otrh
deformasi oemcessary to reach -ddmi matnad t

condition is reached. This can be expl
di stances, a bigger portion of strain ¢
col umn, wkicuenul at®di at the interface.

di stances requidteo ar el aocwhe rt hdee fcorrinaitciaoln s
i nterface, t hedoenbiynaftaevdo rfirnagc tau rset.r e s s
Il n summary, to i mprove the reliabilit

and prevent partial HiegdBdment oK tleeoin

that the i ce column beOlma Illeastt lbammlh
the point at which the force is applie
from the substrate, ideally closer to

4. 2308 Modeubghness Dimensi onal

I n sekthoMs2h® D toughnessugsmdet o qual
understand how the geometry of the test

and todgmneased fracture. The resulting
in experimental testingrenhoegafnt merewo
regi mes. However, the 2D numeri cal mo

toughness measurements using the hori zc
I n this section, a similar apmploygech t
to develop a quantitatiVvVidhet dwghlgmases sme

expressed by its characteristic equatic
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4.2 Toughness Analysis

—  QOfigiow h— h— 23)

whefOEO i s considered a single depend
proportion®anwy shetppweadiPx By applying
Bucki ddhamrem, and recalling &qguwatni dre

written as:
—0 Q-hh-h—Hh— (24)

whervealaune ¢o0& 5i s consi ddridw28(nefier foo
interfaci@ls ttdhweghHmesxse, required to pro
i seubstrate interface, the geometrical
‘Gicioh, @®nAd hana@ are the Young,tdhhemaaulldi,
t he s wbesstpreactte ,vhealnyd. sThdee Iteedftmi s fr effanmt ¢
“Toughness PaPpameter

"YO —O (25)

To obtain contour | Fing®d tedheer ftuboet t T B N
equatd oned@p etnoont wo variabl es. Il n this
considered, and the matTéirei alataorfdo itdfe m
tdéhr ehotest syanéemcaxzmonilse amé movRidmiflrarm t
the domessted case, equation (24) IS
modul us of t Hoe <S3bb s@GRraad eA pyheemdn xt hAe 79 e
case of a O irgicdans utbhsetrreaftoer,e be r emovec
Equation (24) can stil/l be us'@d palnsdos c
on the speoe®ciof,i cworemdhe obffaerdeerd t he equat
The depenof t he nfoulndc tti hoinc konne stshei s ad
di fferent gTapmphs of consadlered in this

mo |l wWssweér e 10, 12, and 14 mm, with a c
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4 Results and Analysis on Shear Strength and Interfacial Toughness

results in threr® d0.fZ,er @n,1 6 rkeasl plebadt si@vfell 4
di stinction bet wé&g0Onltlloevsd itfof & rdanitcoec aegais

"YO —O "Q-h- (26)

Reducing the number oftsveoiabéesalndr
toughness paFagéltp@heplcatl su(saeed TP f unc
focryl indrical ice blocks androoralty owheanm e
used. Adedgiutaitananl I(y2,6) i s onby appGkPa)bl
and to @l adzes iNPem g(r tthheel ecssncept ual fram

extended to other ice block geometries
(refer 4. .4ecti on
Toughness-dominated m D Mold
L' Ice
m’_r' Substrate
as
A B
— . 4.5
4.0
35 025
3.0
2_5Q0.20
2.0<
15 015
1.0
05 0.10 : ;
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Figure 4.15: Toughness parameters (TP) calculated numerically for (A) & 7O=0.2, (B) & 7O=
0.167, (C) @ YO = 0.143. The presented values of & YO correspond to a mold thickness & of
2 mm and a diameter ‘O of 10, 12, and 14 mm, respectively. The areas where the pushing
height "(YO is higher than the ice column height "OFO have been shaded in gray. The red
dotted lines indicate the limit for which "OFO < 0.25. Refer to Appendix A.6 for the plotting
method. Adapted from [78].

The 3D numeri cal mod el i's used to sirt
combi natyoofos a&iad For each geometric co
(according to equation (26)) is calcul

Fi gdidlrbe
914



4.2 Toughness Analysis

During experimental testing, the TP
toughness of the teste®W squifraee thy pnre
crack along the entire inteo@ae e .anklas
470, the correct TP is selected-hfarnodm t
si de of 6)ekgnuoawtiinogn t(h2e el ast i © (moydmil awasl lo
GPa for thel k nteef@caml be¢e ocughaoelsat ed.

For the horizont al push test, it is
JOgreater t han t heO[i4c8eh ec od nFenagsdhten g ht
correasppo stelteecaeg € s haded i n gray.

A rsieefs preliminary tA0%0 wenr e uosoesed U ©
AppendiforAXdEelTdiel s esultfodemonsteattelt
‘o0great &r. 26hanhe fracomsies tnedeoshsayn a ¢ & d
Toughness measurements shoul d t heref
configuratioon Of @Sh.ewlei cch ndi ngs are al
l iterature, whi ¢ h -tsbheormgst ht hraat iao |oofw tthh
tougimens nated|[BBdadt 8Ch @SRt

This resul't al so suggests that it i

simply by changing the thickness of tI

adhesion strength as well as the inter
t esgtstem by controlling thenotbhskdess.l
t his varhieabelxeperi ment al design may re
mechani sm, I ntroducing a significant

measur ement .

Depending on the sugstdrabéereapbsecsal
propagati ooaonsbdeéemapicd atclkat it 1 s not

eylesee Appendn xsuAc.h5)condi t itsgrese,d wiasmnea lai
be required to confirm ®Bhet hgmpe metfho
determine the f rcaacrtruyr eo unte cihcaeni asdrh @ ssi atr
of different characteristic]3en3i,bs7]
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4 Results and Analysis on Shear Strength and Interfacial Toughness

ice removadl dorwiet h the inter whee ahea

ice bl ock sAfzteeri st hiirscrceeasteéedal size, a

area does not corof ©ipo nfddOndey ainf itnlce e d
proporti ontahree mp v h"@a nitdhierntee r fod se mar, ed ai N ¢
t he frac-tomene3sle g3t2r, e7s79]

The experimentally dat al ohhnaad ntaonu gohen € ¢
in thealiet e pptacEdepgr i ment al toughness

l'iterature for aluminum sublsaath4l3s8lihees and
tot al tOooufg hwmeersisous surfaces was measur e
by Gol oy Bt ]heotweasle.r , alumi num was not i

substrates.

Table 4.3: Experimentally determined interfacial toughness values for aluminum substrates
and bulk ice found in the literature. Adapted from [78].

Reference Test Method Toughness
(qedf/m?
Yeong et a[97] Pressurized air ice 0.72+0.11
fracture test
Palanque et 4l.6] Electremechanical de  0.38 £ 0.09
icing
Pervier and Hammorj€é8] Pressurized air ice 0.95+0.45

fracture test

The numeri cal mod el i s validated exp
measurements oAl6@bQ@mMhepumeat]l cpn@itions
t hat a -domigrnanteesds ffraawdrued and t heOrequi
was measured. The results Tafbddtehe exper i
Compar ed tdoo ntimeatthde eceagsel0i edr é moce t he
shows | essetweereinatti loem di fferent i ce b |
i ndepefnrdeenm ctehe i nterf agceaoamghae mpare skeer ceb

tougidmens nated fracture regi me.
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4.2 Toughness Analysis

For each expeTounpmneds cRasreg mether s (T

the numeri cal model , which are used t
the requiredoOlfbe semoasbhtufated interftf
6060 al umion uOm 4a6l U+62%0 .wilk2i ch is in the r a
toughness values fTabB®. in the | iterat:

Table 4.4: Computed interfacial toughness values 'O based on the experimental ice
adhesion measurements on Al-6060 aluminum alloy. The numerically calculated TPs are
used to convert the crack propagation force into an interfacial toughness value. The
standard deviation over the mean value (, @ faf is added to the table for the toughness
value ("O ). Adapted from [78].

Diameter l]’rr A7 Applied TP Toughness

[mm] Force [N] (g [d/m?
10 0.1 0.2 41.12 2.4 0.45
10 0.1 0.25 53.98 2.1 0.68
12 0.08 0.22 51.94 2.5 0.43
14 0.07 0.19 59.74 2.8 0.40
14 0.07 0.21 54.70 2.7 0.32
., o Taf 26.4%
4. 2Codnceptual Framewor kK
The numerical models presented in th

ice columns Wheéehpngsent exd| demtdot oumlh ot
domi nated fracture case are thus only
mol d materi al

The conceptual framework devel oped i
app!l i aalyl e ytpee of meolhraneiaccahl sphuasphe toefs t
funcrtandhsee egPpaadhdn@Eu@ct be newly def
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analysis. |In particular, the SSIF and
recal cul atteedst osy st ¢ hagg efoome tdriifefSOr ent v
anaro.Sub s e qcuoenntt d ugrn apl | oogt ostidsegps ecFti egdlBia end

Fi g4alrseangbdbreebygt édtting the SSIF and TP
"@Oa n"@ro.

This generalized &ppAdbEdble wer &dtnmar if o
t he s ttroeusgsh naeesds aarnea | dyisvi d eax p exrt iprheargtea Ip a
and a nhameeical p

A Stress-dominated
F
N Ice

| Separation | Substrate

A

A h/D H/D
T h H
F l * Tave l l SSIF = =2 =f(_ _) * Tiin

Experimental Numerical

A

B Toughness-dominated

F N Ice

Crack ITl Substrate
dA

[h/D|[H/D] [m/D] Eie | | D

G.D3 h H
Pl b rp -G Eice=g(5,5) e
Experimental Numerical

v

Figure 4.16: Representation of the conceptual framework for (A) stress- and (B) toughness
measurements. The combined experimental and numerical approach can be extended to
other ice sample geometries and remains valid. Adapted from [78].

Il n bothecaxses,r ednosv ade tfearntienyg d aenxdp etrhien
geometric parameters are used to find
guanttiarg,, is then calThel ddoeadeataomredi ol
Ot hr dthgegh f UOao™@i ovhs ch are Adetermined by
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4.3 Chapter Conclusions

4. Ghapter Conclusi ons

The traditionally us®)d hasrlhagen asdhew!
a sufficient measure of ice adhesi on,
concentrations on smaller interfaces
I nterfaces.

I n t hias nwmorek, conceptual framework 1is
test to accurately assess Tthtee tavdh g giaa
mechani smad sbdgmeeadedcrabed in deta
case, a numeri cal correction factor
dependfenclye i ce adhesion value on the
to calculate thetotftrutebdbeateni steehgi
relates the force required to pPfOppaga

providing a c¢ompsluebtset raastsee snsanteenrti aolf t h.

The novel met hodol ogy is developed f
cylindrical ice shape and fixed mol d
opening mo d0easn d( nhrematdb) Npereif hgl es s, t |
framework is an i mportant step towar

measur ements.
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5 InterlaboratoryAnalysisof Ice

Adhesion Teshg

5. Benchmarking of Shear

Data reposeetdiremt hdédi sesult o f a col
research teams at-Bt bedNJaMIyBalsy )ty KW LN
(KUlnd SirriBhe( Bied @i adveaco rochu ctteesdt sby
St endaN@MB,bayt NBo s dof i Sar kar.i at KUL,
SI RRIhSe “-heédlcentact angl e measur emen
Stendardo at UNI MI B,c owhtia cet tahneg |setsa tw ecr
Navid Mostof iDa$Sar kannierptr eK@lL.i on yand c
Luca Stendardo and Navid Mostofi Sar k.
This section presents a comparison a
ice adhesion test systenhsdesndhlumdreldi ngn
I ncltihdaeief fme@aantr emerftt wey stmamngd desktop
custbvaml t and one commerci al, and one
chamber ygain a deeper understanding of
i ce adhesion val ulelsl ftohurnede isny sttheemsl ietnep
wer e hor itzeosnttsa.l Tshhee aardhesi on tests wer

centrally fabricated and then di stri
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5 Interlaboratory Analysis of Ice Adhesion Testing

adhesi on measurements were carried out
sample aging on the test results. To a
of the samples, contact angl e measur e mg¢

t he iscieo mdtheest s .

5. IMalt eri als and Met hods

5.1.8SanMpl es Preparation

Three types phokbommengs alvei eeused: (i
superhydrophobic coating from NTT Adva
sil-h@ao®ed 2K e21a8s0t ocnmoeartiicngR from NuSil ® (
an el ast-ioamenmg ccaattiing fr oammEk & me Btua lf EC

These coatings are referred to as HRC,

control sample of wuncoated aluminum (Al
tested. Al l coatei NSQsRRWe&r ec oap p lniged adtor f
Ssubstrates (35 mm x 35 mm x 2 mm) folll c

5. 1.8ur2f ace Characterizati on

The wetting properties of the test su
at the Uni v-Br csolNglavig,(B aMiduasntod m devi ce f e
PHOTRON NOVA FASTCpAee dS6CaHmegrha and a Lic
11 Pico Plus Elite from HarvarshbouApgxmear a
cont act angl e mMeBS Juar redntK QJiLe Yysvoefnt w@ Kad L )

Dat aPhysics OCA50 optical contact angl
(from DataPhysi csBoltrs tdrewmecretss w@mbeH)u. s e c
advancing/ receding contdcophprpgl expanseg:
met hod. This involved dispensing an i ni
surface, followed by @amddimg 3 jul (at
Measurements ind+tuded rleee@dwngnc)i,ng

and hyét eresjsont actKUdngadlessoo. measur ed

wetting parameters such as the static
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5.1 Benchmarking of Shear Tests

parameters based on the +il ti)ng rneectehdo
(— ), hystenesiamd( sl i Homgt lmen gtl iel t( iISHAC
TBU accessory from DataPhysics Il nstrdt

dropl et of deionized water was deposi
the droplet slid.

Theoati ngwdsreval uayed throdghaahsment
cycles. Variations i n sthiemeg plcet sadwmerse
duri ng -otfhfe ppruoschess unt i | i ce -detwawethimiem
character i sfttiecrs tbheef-cigceiamagnmdemd icye | es v
UNI MlaBhd KUL. Additionall vy, durability
and surface chemi st r ydethanmhgmen tafayaol s

5.1.11lce8 Adhesi on Test Met hods

This benchmarking study wutilized thr
Mi | -8hoochlaM] BU t al y) , KU Leuven (KUL,
(Belgium). These benches are categori

push [t2e5s,t438hNe t esN|I MgBd ekdL asdoatl es mladdor
setups that employ thermoelectric coo
referred to 8Fdi frgemer attece on the s
environmental chamber with controll ed
i's housed in a | arge <climate chamber
substTrhaet eKsUUl RRHé&bs & systems arAappesdixt
A.12.

5.1.MesAt i ng Protocol

TheNlIWMlaBd KUL test benches foll owed
Since bot h test met hods use bul k i ce

mini mzed the difTlReesoebcacea s$amplse rw
-:3°C and was kept at this temperature
t he smofINdlUMby adding 10 drops of water

adding 180 pul of water with )aAf taeut otnna
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5 Interlaboratory Analysis of Ice Adhesion Testing

water was completely deposit-88C afnbe t e
addi t3i am aifuhtee st.emper at ur e -80/aG arhde nh dlodvef
mi nut es. Finally, the t1eOnmipCe raantdu raef twears 5
of holding, the pusher was applied to
inspected priotredgto dycel es.t aTfThi sofwatsh et o
completely frozen in the mol d.

Five different t esUNilrvidaBpirRPRIESch| $h awe e
test condition, and KUL had-Ptlhr&&Lt est
and -RB). Bepebitbpc i nfor maits onhTdadnl dera c h
51.

Table 5.1: Five test protocols for the ice adhesion tests.

Bas Pus

Pnraor;e sBk?s diBrﬁeSne arelThi cKHumi Speé¢

i [ min [ mm/

UNI M| cir ¢ d=8 1 50 5 mn < 29 0.0

KU1 cirq d=8 r 50 5 mn 510 0.0

KUIP2 squa a=6 11 36 5 mn 510 0.0

KUIP3 squag a=6 11 36 5 mn 2809 0.0

SIRRrect|l =15015"(0¢> 3 n.dd 0.0
FoUNI MFBve i ce adhesion tests were car
each ice adhesion test was carried out

—h

or a coating type was determined as t
ampl es. T ot ya sa@aisnddu racdhimegn/'ti ceycl es, |
onsecutive i ce adhesion tests were per
ine tests onarradcdiitgiaanpekeles sand t he s a
arriedl RRINR nFonfunb30 sampl es were test el
or -smane i-dcatngdhment cycles, five repet.

- O S O Ou
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ce adhes®n fsotrr eenagcthh t(est ed coating e
I gulAe B,. akdre&view of the ice adhesi
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esion force at the point of detachn
cess that i sdamiamatcack|d&thaach mdhise m
st formation on the substrate duri
ults of t-R3t DBwedti @ itome Ké&JlLevated hi
hamber, hi gher standard deviatiobss ac

-~

e

bserved.

Convenpplrypyxi mately eight ti mes | owe
| RRIa8rkpgtgt d0iOnkgkP&8il Yhi s di screpancy
he significantly | arger ice sheet, m
n contrast to WNheoBe&KUE. chbadgetedcat:
i kely to expindintatadt dedhRrcdsne nt me ¢ h i

amples tend domietaedll mdaled 8t h e RRSaSs e
est, the i ce | ayer was "@oh=ion )0j2e wat cw
romotes -domiongtheestracfti2z]eCaillmusheang
dhesibasasmes that the ice detaches
owever, i-domi naotugchnfesacture regi me,
ritical strain energy. Consequentl vy,

rrel] @e8phnt
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Figure 5.1: Shear ice adhesion strength values for (A) HRC, (B) NUS, and (C) SRF coatings for
each measurement protocol.

On NUS and SRF, it can be noticed that
peaks start to appear, dependiersg somar e/
per f orFmegdlB eaFnidgSPC ¥ or exampl e, on both t
coatings, the testing protoR)) pwidcdcudeg
curve with a smoother shaper, indicati:
a peel movement, a ¢Ha&HOAweveeri,sta csiomi Isa
was not obserddd awiPt2K plrho&iokcebhl st. hat t he
di fference bet ween atnhRe3Kdirlso ttohceo | hrsu NiULi t y
testing chamber, t hese ex@pfer mment ai riin
controlled environment during testing ¢
Acl osreal ysi s -P2f atnrdR3KKplrLot ocol s on t he
showsw higher humi diitiycd ed,d el isso hmetd uc
commonly repor.tndf acnt ,t hnea ntyhoepeproadiueree t e p
wi thhi gher humi di t pnygittyhpihciag Heyr cioce ed cdalies

textured, superhgdreizniBgbidic asmur fiiaccee € a s €
adhesion under hi gihn defes edri t egd coom dtite oHhR
However, the NUS coating is smoother a

t heeduicea a dhleisg loenr humiadnt gmodtinh fawrtH,

condensation of waterf rvwagaonratiimtno atrhee ma:
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thasoi ding mechanical anchlomr i addhh#i otnh
presence of humidity can favor the for
pol ymers, contributing to a smootheni
i ce adheg[ibo3n strength

The results of the thrdd gaBet shemwc he
mi sl eadi ngompacanohéeytohe peak values
teNtog.ably, the tests wilUNl MliBkRRar ahdr
S RRI Show cl ose ice adhesion values w
+ 42 Theaefore, analyzing the force ve
i fnor mattihoen doent achmendn mecbBabssmaaerds r
applied | oad.

On the SRFi gcb@@ét,i ngouUnded force vs.
det achment) were obseP8edwbnl-B2No#Mhd&U
SI RRI S, a sharper detachment was reco
hi ghest adhesion values measured on t

Reporting the force vs. ti med@urcwaeas
help to reduce the discrepancies amonc
has shown that tests performed wunder
conditions show adhesion strength val

The durability study of the coatings
det achment cycles and red®r. diTnhge ttheestis
performed by accreting the 1 ce every
maxi mi ze t hFei gh8rger mdart ii Deas t he resul ts
the i1ice adhesion values can be seen.
associated to an increase of the ice
adhesi onddst reowgwwkea¢ of the coating ca
adhesion values show signi fPilc goprtotwaroil
the SRF coatinB2apdowode bl the Khée HRC ¢
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Figure 5.2: Representative force vs. time curves for (A) HRC, (B) NUS, and (C) SRF for each
measurement protocol. The force values were normalized, so that all the curves have the
same peak height.
Before and after the i1ice adhesion tes
(Tabblle. The base materi al of t[hle0 4s,aln0pi Je

theredewmgregdati on of the coatings was e

wettability and thus anAiesoréeaseéhis ca
however, not possible to obsdewvwachmgnsi
cycles, the contact angle hysteresis si
before the i1 ce adhesi onnst ensetrse. oNoos ecrlveead

analyzing the advancing and receding co
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Figure 5.3: Results of the successive icing/ice-detachment cycles for different testing
protocols (A) UNIMIB, (B) KUL-P1, and (C) KUL-P2. For each protocol, the single ice adhesion
values on HRC, NUS, and SRF coating are reported.

The force vs. time curdveetsa confmetnhte cfyicrl
out wit HP 1t hpe oK Wlc o | o nF i Y ea rlen sthhoiwsn pi
exampl e, the shear adhesion strength

respez9 ivRdkyRiasndo@8si dering abboi theathe
measuremenfta2jof £ 20%

The force vs. time curves, however,
the applied force. The successive ici
i nduced a mechanical degradation of t

mor ptyolhmgg been verified by SEM analys
revealed a reduction in the coating
durability of icephobic coatings is n
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Table 5.2: Contact angle analysis before and after five icing/ice-detachment tests. The static
contact angles and the tilting contact angles were measured at KUL, while the needle-in

contact angles were measured at UNIMIB.

Sam Ne e dlne Tilting
PISCA[ Pim. Pyt F=1 Pim, Poad | F=7| SA
HRC | 1 @3 1538 1 &3 133 1538 1&4 3 b5 91
NUS | 152 12+2 8 ¥3 345 1149 6 22 5 ¥3 2 92
SRF|112]{ 19 7 95 3 6 11+2 7 46 4 B8 1 83
After 5-diediacdh/memeg cycl es
HRC | 1 &9 156+ 137+ 13+5 13 85 103 2 £9 11+4
NUS | 18+2 17+2 88+14 29+5 142 8 87 2 85 16+4
SRF| 1047 191 8 82 29+ 2 164 73+2 4 36 2 81
Cycle 1 Cycle 5
99 kPa 88kPa
A/_\ \‘»
[} ] \
o 2
2 / g
| /
/
sl — )
e
Time Time

Figure 5.4: Comparison of the force vs. time curves of the first and lasticing/ice-detachment
cycle carried out with the KUL-P1 protocol on SRF coating.

I n summaregsentisng meheurovese ov ice adh
alongside the adhesion strength can pr
mechanism and the durability of the <co
softer coatings, thenedossiacdi gnabeawe
be discerned by examining the shape of
curve shape typically indicates a gr ad:u
curves ioamungdiedstanding the coateprpg’ s |
detactyehes, with mechanical degradat i

curve
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5.2 Dynamic and Static Test Methods: Quantifying the Shear Strength

5.RBynamic and St datoid s
Quanti fying the Shear

Comparing the performance of differe
t ri[vdiBahlc h me a s ur e nuesnutl énblegtvheol do pheads f or a
removal or acwhriedh dnmeaatost dnieoeir teespud & st y
traabfeAn experi ment al i ce adhesion t e
sui tfaobrl emi me akli mgoht ,€ondietbadtrhd s, gener
i ncreases its [c4o8nhpelreexfiotrye ,a ncdo rpreil cae i n (
obt afirntemovo mp |l exi ty st at iwi tehxopseer iome mati anle
more complex and dynamic test systems

Thi s sectitdhre d acmp aardehse s iusnanygatl aiteisc od
dynami c tTehset sstyusddye mwa sc acclalra bboerdawt ei sobhn & k
Uni ver si t-Bi coofc cMi {1SahiIA EIRRCAEIi n Toul ous e,
Stendardo and Giulia Gastaldo contrib
carried out the static ice adhesion m
adhesXxmperri ment s.al@&ionltira b@d £tdaltdo t he d\
experi mgeat fsotrameadn uarea liOoshilys .t he met hods
reddad t het woa kSt endardo @zmoenpgdepeyt ednh
f oun[dl O 6n]

Thet ati osedstemi s comparison is the h
i ce, already descri bedt he¥otshien vperseaviga
adhesion with a dynamic experi ment al
i h76% Uhed. mes hpd ebweiaomuesd yt o measur e
strength and the fracture toughness,;
measurements. The aspeartfi candnasniddmid yanra nti ocn d

to allow comparison of the results.
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5 Interlaboratory Analysis of Ice Adhesion Testing

5. 2Dylnami c Test System Measur ¢

El eanecdhani cal resonant systems are of
sector, as theeeuspgstéms ealelrgyw fttonsump
tradi tiicoinnag sdyest e ms , such as ther mal [
bodtlsD 7] n particul ar, systems based on

great attent|i b@a8.Dk ptemalilnigt @emat hreeact uat
ice detachmentt ympoefc hmine s ened igdmwgtor $ ¥ s tdeems
identi fied: swlistt reanseosndmanetde r Dac € k Hizr act
ranfgey, 1amdldgstems based on i n(tMHzf ace
ranfgle)d) 3., 114]

Piezoelectric actuation by acoustic
generated acousti cAcwas &b c Wwwh hgeesnhebr yaet ceed
by a piezoel ectviitahes umsterrstee phEezoril &lc
systems generaslonhpnopér ange cecMigd eFh dk t twee
acoustiimcmduwaesde i ce melti#® prcoeass takes
de ci ng.-i clTihreg derocessubstsataet itnhteerif ae
macroscopic water | ayer that encapsul at
ice bl ock.

Ultrasonic r ®no ntahnec eotshyesrt emesnd, - i nduc
substrateleatdtdealbiwmetnicceut | ntAcrtfuadiialn n
frequeynpi ealflryolmrdad g@&g Havi t h t he del ami n:
complingtl @ s efclodBAsuct ural materials such
can be used as seabdkaeciang smpstema,| swif oh
actuatoasphbacathldwbe detsdahlme cdheahins m.
contrast, systems based on acoustic wa\
Ultrasoni c resonant i thgd tr easrs tcaatng hh & s ¢
domi Mmataecd ur e [M&dhani s ms
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5.2 Dynamic and Static Test Methods: Quantifying the Shear Strength

Pal anqule76etlditafloduced a dynami c met
measurements that fhoas ab eceonmpd&ampald ad ywed sk
combines experiment al and numeri cal

excitation and frdawnt urhe sprsdapagagt itdin sa
been extendeideseatlost maa ®ursehear strengt

experimeinga@miugnke rarcenll Y zye d .

Insulating layer

Insulating layer

A Freezer

Figure 5.5: Schematic of the dynamic setup. The titanium plate (“Sample”) is suspended by
flexible wires, to enable free boundary conditions. The power supply and the vibrometer
(“Laser”) are placed on the outside of the freezer.

A plate, possibly covered with a coa
actuation system is bonded (glued) to
to the substrate. The pl-laitlee iisc geldas efd:
Figh &ddditional details about the dy
Appendi x A. 13.

The oscillations of the sample are a
frequency. The exact frequency and ma
the moment the i clesfkdegibtn @lbaid sergas eme d syur
analysis IS run in the same dynamic
di splacementwoatntthéhanviahode atf tshearc
substrate interface are computed.
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5 Interlaboratory Analysis of Ice Adhesion Testing

By linearly rescalon@andhestmiemasr v@aaluea
experimental values can be][ @btHdmeced, Tt
since the experi menad adtl yt hnee aasnutriendo dde s(prl

the |l aser vibrowmetaenrd) , i st knewmp,osssbheg
value of the exfperimental shear stress
t S € X

2nd resonance peak

550 F =1025.5 Hz
y \v =520.9 mm/s
500 *F )
F = 1053.5 Hz x
450 * | V =455.2 mm/S exp

400 +

350 Ice detachment
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Figure 5.6: Measurement of the oscillation speed @ vs. the actuation frequency "O The
frequency sweep was performed from high frequencies to low frequencies. The drop in
oscillation speed at 1053.5 Hz corresponded to the detachment of the ice block.

Whil e performing the expesdenkditrsg ca@ag
at the interface without the appear ance
of the experimentally obtained shear st
i esaubstrate Asntexmpfll@agme¢edthei nce bl ock mus

di mensions -tominaggerdset aebment
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5.2 Dynamic and Static Test Methods: Quantifying the Shear Strength

5. 2Maz2t er i al s

Titanium (TA6V) was used as a test s
perform the tests. One was used as a
wi t h a conimercctiiaoln lcoowat i ng (Oerl i kon
manuf actcuwraetri,ngt hes based on arfmC: dm&i Pph
Pl a#émai sted Chemical Vapor Deposition
technique. The+dicoatitrg-2nh a@Bla eass dBt he ¢
coeffici-en?. atBhui@s. Oléow friction coef fic

believed to show a | ower i ce adhesio
substrate. Additionally, the roughnes:
Dektak 8 pivol,d@amegt edymdm®r the bare an
sample, respectively. In I'ight of the

adhesion for the coated sample seemed

5. 2Re3sul ts and Discussion

The results of t Higudkardye acle tpe ets em

each sample, at | east 8 measurements Vv
vary ogreatly between the two test me
possible to hypothesi ze thhoer iozroingtianl opfu
the static test method adopted in thi
cal cultat eHowsver, the force is applie
contact point with the pushing rod, r
il saubstrate interfacien «écd@adassneagliureenatd vyy
cannot express how the stress is dist.

the forces are aipmplsdecdihleonsdlrleyss Az veh
the critical value otdemi hhteedntegement
the presence of hfghvernesetsismatoan etnli & a:

t hent erface.
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For the static teepiioiegwde Thevoblbae sl

represents the ice adhesti gn cwdlcad att eet

ice removal for &) .ovlehre igirteey flaadre sah ews

strtessal cul ated with the corresponding

2000 +
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1200 +
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Stat. corr.

= Dynamic

Shear Strength [kPa]

1 _ =
0

Titanium Dylyn

Figure 5.7: Shear strength comparison of bare titanium and Dylyn coated titanium. The blue
and the grey bars correspond to the average shear stress and the corrected critical shear
stress, respectively. Additionally, the orange bar indicates the average shear stress value
measured with the dynamic measurement system.

The adhesion values found with the dy
with theé¢2KI.A db7rddaud eset of data was col |
and [LZ2&jd Pervli®28JTleiralanal ysis shows t
obtained with dynamic methods are gene
met hddldi.titbermarkegpul ts obtained with the
by the heating of the samp[l2dddivieduecedriy
a decrease in the i1ice adhesi ol dde to
centri fThhealditfdetr.ent measur ement approa
stress concentrations on the static met

| f considered individually, the resu
repeatabl e, as the standard dew20a%.i ons
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di scussed pbeiheufsidayw tiino ns epcrta poenr t vy
ating was expected to |l ower ice adh
st systems, however, the adhesion o
nnot be justified bwnteéedepraughpesgsc¢
ughness than the uncoated sample. I

the surface chemistry of the coati |

tri ment al for | olwow cfea liasdbheéecsmiognh.t Tnhoe
rrelate with | ow ice adhesi obnaseAddi
atings are necessary to investigate
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6 SummaryConclusionsand Outlook

Despite the Il ong history ofadlhhesnmnmn i

various surfaces and ddehénbandgegmbhas
areas aff echtiegdhilbyyOns ¢ iheg o e npprodches

materials proposed to address the ici
multitude of ice adhesion tests, whic
may lé eoamsfcaa eresearch | aboratory for f

andt enmi al s .

Wi tah few exceptions, tphree siemd edd laess ia

property, as if 1its twasltuesnypsldatepne ensle e N (

® O O u —

-

caed hetso osrubstrates. Thet apixdd avid Idyefdo rbge

n
t

o
C
X
e

t er f(&e)g easmudd i ng i nt haen iecxep raedshsei soino no f
resWhi(lPea) concdmti wsalamgg loeatcthd , $ hee =4 f
ncentr awtdiegphesn d hgoenomet ry of ,ame taet
currence of di ff Adsemts uftthac tiucree andehceh:
pred&®edund in the | iter abteutrwee esnh odw flf
search | aboratories.

n this wor k,commeunsbelyd tihcee neodkshest e t
rizont givasrhaelayz etdesitn dept h stod wmaeer
screpancies and to develop a measu
cumaey .arsdalowsehds t t he mai ni ssotuhe el ad
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di fferentitahteeb e v-hah ssereaet e f r g stt-worees sme c
tougilmens sr.atTehde)r ef or e, awmaassedssmepirdime
fracture mechani sm.

A st rdeosnsi nat ed fractchhrae acegrmeed by an
det achmexnttattdhne tehnlis trreatieei nterf ace musH
threahdéd ol ocaadu s e i.ntTehrifsa cnee afnasi Ituhraet wh e
force tanapglei dddowenk nad eslt n e kelrwaeeu rf ai
every point of the interface reaches

interface stress exceeds the critical ¢

A relationship between aversage ssh enaars

—

herdébreed for the hori dempteanidsgsheiaoug

geometrical parametetrbeofli mbeisadaersk| bk
andhe distance from the substlateasat

demonstratedobt danettihceal soshear Sstress ¢
deviati ped@amamnodnrent he geometryt hodmea he t
tradimeitdodallcal cul ating theiimpd yadlhedidon
removal fiontee flayx et rag e a.

Il n a t-damhnesed fracture regime, the |
gradual crack propagation. Il n this <co

determined by the strain energy accumu
|l oad, wht eef abe stratsst lpé agsSTatel @gff aa e @
guant i fyi ngddwhee na dah efds@ umgnmreegsesd f ract ur e
meani ngl essqgi napsl itchiet Iltyerarse sumes a det ach
Af uncstiindinh arhat phepddseesBoridcd®aiseeds

for the-doomughhesls case, where a relati
“toughness parameter?” and the dgdgademetry
interfacial toughness of an aluminum su
to betwethange of the interfaci.al tougt
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For both-dme tsedomitsessed cases, t h
deter mi ned oircces rreethtad eeldi iiomum sheat het |
t oughotehsrsough dfed reatmiesesh aby dEpend on t
of the 1 cel midhlewaypyn tlkeet meas wreecnenrets ¢
i ndependent of the geometrical par ame
obtain values that are only a propert:
The interl aboratory comparison with
i mi | ar i cecadhéei mmtiahbeds mef stuhbes ttre
onditions are harmohnhzeddasi onnucho as
I mensions and the environmeawmrlt ltatnd
articularly important.lthothepomwtayt he¢ I
etect differences in teamsngf,devwlreiadm:

O O T o O u

re not nwrcewlsam idrl yshtohe adhesi on str

The compaamsroen ovommhl ex dynamic ice &

(7]

howme complexity of wusing a static |

adhesion coatings that arce nigntseynsdeedmnst.c
the trends observed in the dynamic an
not spbkke to quantitatively compare th
consistent with the Iliterature.

The novel met hod described in this

surfaces, with a Young’s modulus | arg
or metals. The model I's also valid on
modul ust gare a4 .e5 GPa, and it is stild]

cases (i .e., cyl i ndrmadalr niad & ec mluwmmam s ¢
a straight <crack front i's assumed, th

smooth surfaces where the efAdeditt,iodn alL
the toughness analysis d®Depsamodotshke dr ecd
(O)Lt represents, however, a step towa

understanding, recogni zing, and asse
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cor reitcgtolsysi bl e to reduce the discrepanc
about ice adhesion measurement s.

Further research could be conducted t
framework to alll kinds of surfaces, I n
surfaces have shown exceptional i Ce|
character i zaasteido non savneariangey sbt ress val ue
and the different fractur e 1ndelcthoampiossmst e

surfaces, i n particular surfaces with
results in |l everaging crack3&Huméreiact aln
model s have been used successfully to

stresses cl essod t t ot e arh arsd -d osmi gngaet setdi n
mi crocrack propagation. However, t he

guant sf itelde aaver ag'éeo)[s3Me g3r9 ,thlujlsesan (acc
characterization of ice adhesion on suc
Anot her i mportiast howehoquestatenor co
results obtainest amiitch tdedatta dce mavh tghu anseid
dynambenté®y namgmperstant from an engir
becalthseecaurireantt gnd in the aerospace 1 n
thermacti ndge systemsalwagthuapieez owilcheroagtrii acr
systdmg., 1Ad8Bdti ngs ttos ubceh i snytsdtgereastteedd si bnn
compl exl| yaensdt coysst ems t hatawhmicnhi ct htehl e ocaa nn
be aplphereedf.0here i s a pmatcitvtaoae loast ned tehce
resafitmptl @t i ¢ experi ment al mee hito dme tt oo d
To contchliusdeewstnok i ncr easmed aavh e@® s BIMo n

micsonceptilansed to | ctd maphtelee oneltieasltiilnig
reproducimridtidcgolod armedtt o.Tshtigsmd dsri cciud ea ril
rel eetviamed devel opmenti caenpd opr an dcconaa b enrgicd
designed to reduce ice adhesion and cor
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Supplementary Material

A.1 Guadiic Actuation R

The effecfootedrbliiemaentuat i obn gsufese dAs
The experiments were carried outAion coc
60p0and at four different pushing hei ¢
speedsl1@er egund,s20 At no point a signif
actuation speeds coul -2 0Obeuno/bss,e rtvheed .t elsr
be consi destatia” aréegqumej where dynami
procedure can be neglected.
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1000
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250
0

1 2 3 4
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Figure A 1: Comparison of different force actuation speeds at four different pushing heights
from the substrate. The experiments have been carried out on anodized aluminum. The

removal forces were not influenced by the actuation speed.
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A.2 Modeling of the Crack Propagation Line
A.2 Modeling of the Cr:

For the strain energy and toughness

assumed straight and perpendiculiar to
verified in shpesedsémbigen abpl gsghb. The
out by pl smpieregd tclaanehliagdhionvna poeeti dalk, i
col yumand t h-@o miom aptlemtascsh ment processes
6000 frames per second

FiguReummari zesoft hfeourre sduilftf er ehwo ex p
experi ments were carried out at mol d
pushing height from the substrate was
was comprised beFwereerah amase3, nnmhe s
propagation | ine is Hhinglylgirhgen tapdrdo poayg aat i
can be approximated as straigdhitraandi @k
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A

Figure A 2: Experimental analysis of the crack propagation line. Cases (A) and (B) were
carried out at a mold diameter ? = 10 mm, while for cases (C) and (D), molds of diameter ?
=14 mm were used. All the experiments have been carried out at a pushing height of § =
1mm, and the ice column height ¢ was comprised between 2 and 3 mm.

126



A.3 Mesh Independence Study

A.3 Mesh I ndependence

A mesh imrdepemdgedor the numeri cal mo
The study has been carried out for th
di fferences obtained wiwtatsepbéat exddwei t hE
settings except for dha&ngned hf remod awd i s
to fine.

The mesh i ndepensdheenacre assattu deye sifsodri ett r @
depiicfFieguB&@h@& plots show the stresses
direction of the-spbsht atgTehfeo nstiezjifnagt eotfh
cel |l s 0i.s009DeLt2 tmg 0.0001 m, and 0.0000
me s h, reBlpectesel ys obtained are pra
overl apping | ines for bodihf fsehreeanrc ea ncda r
close to the f &@r @e O0dplp Imhceartei otnh ep aliinnte s
caskeosg. this reason, in the stress dist
afZk=-0. 004 breemawepl aced by curve fittin

As already des @&rhlbemeshn rsefcitne@ment a
the interface was foundeftfoechhe iorfs wfiffi
shapes. However, it was not possible
computati obak tesobresesi mitation, the
close to the force applicatiofh @odnt
'O .Both quantities, however, are calcu
were mesh i ndeperRiequcdde vgaud, evaehrd us) ee A
Whil e the model i s-erdgte suirtesls| aitsd ra rb:
of capturing differences iIin the fract

The energy rel ease cratcé& T1dMesmmg phat tiend
Fi gudFer ddm g u4aendA b lle At it htakei @t gy r el
Oi's siogni ficanthe dfféetedFbmesah accakk
propadathg the entire inteomhexe,eedhd h

127



Appendix A

tough®esast (every poDnO) Cofnstelydn einirteg refvame

value is the curve mitmoiirmuwwne pewhdiecnit hoafs t
siBewever , Of. rOB. @4 the numeri cal resul
some divergyanwe «fant be observed. This

Ri gud e A

The plots FpgeassendAetdh dé me i s a emashhdep
20% of the iIinteoif dtoeociel apepdti tthd stomes a s 0
Y

alues of the first 20% of the interf a

—

oughoma@s®de curve minimum relevant for

—

herefor e, not taken from these first

part of the curve ehesebhe@shcuhateepe ntdew

valOheas been verified by a mesh indepen
the caOcal waeé edor increasing redalbdti on
Al .
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A.3 Mesh Independence Study

1e6 Shear Stress

—— Coarse
~——— Medium
6 | —— Fine

TauXyY

—

-0.004 -0.003 -0.002 -0.001 0.000 0.001 0.002 0.003 0.004
Z (m)

1e7 Tensile Stress

1.0 4
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0.6 A

0.4

SigmayY

0.2 4
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-0.004 -0.003 -0.002 -0.001 0.000 0.001 0.002 0.003 0.004
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Figure A 3: Mesh independence study for shear and tensile stress distribution. The same
geometrical configuration was run three times, with three different mesh resolutions. The
results show the (A) shear and (B) tensile stress distribution along the symmetry line of the
ice-substrate interface.
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4.00 -+
Coarse
350 1 / —— Medium
3.00 + Fine
— 2.50 +
£
< 200 + \/ //
© 150 + /
1.00 +
0.50 +
0.00 } } } } } i
-0.006 -0.004 -0.002 0 0.002 0.004 0.006

Z[m]

Figure A 4: Mesh independence study and plot of the energy release rate (G) for coarse,
medium, and fine mesh. To propagate a crack, 'O "O for every point of the interface.
Therefore, the relevant value is the curve minimum (or toughness "0), which can be seen as
independent of the mesh size.

Table A 1: Value of the minimum energy release rate (toughness) for different mesh cell
lengths (coarse, medium, and fine). Convergence of the value is verified.

Mesh Cell Length [m] 7 [J/m7]
2.0*1¢ 1.10
1.6*1¢ 1.14
1.2*1¢ 1.08
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A.3 Mesh Independence Study
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Figure A 5: Mesh independence study for (A) O=10 mm, (B) O=12 mm, and (C) O= 14 mm.
The corresponding & YOratios are, respectively, (A) 0.2, (B) 0.167, and (C) 0.143. Itis evident
that in the 20% of the interface closest to the force application point, the numerical results
are dependent on the mesh. Consequently, the calculation of the toughness "O was

conducted in the remaining 80% of the interfa

ce.

131



Appendix A

A. 4 Vali dation of t he N

The numeri cal mo d e | has been wvalidat
cal cul ated aver ag@o][skhPeaajro stthree smsu nfedreifci anl
average shear stress. | n {tQh emesmausme reidc a
experimentally ophatsh eb eoeunt saipdpe ioefd .t hTeh emo
i's ¢codmmut ed as the average of all the r

i saubstrat®Bhe ntesdlatce . of t hiTa by2el iIAdat i ol

Table A 2: Comparison between the numerically calculated and experimentally measured

average shear stress.

E[ mm] zioArf & P ZAOAR[A BEP a 1t
1 1120 1257279 12 %
2 1013 105220 6 %
3 883 92+ 228 4 %
4 694 7245 85 4 %

It can be seen that the average stres
within the standard deviation of the e
the relative error bet ween the averag
di mini shes with increashatgr gptuess,hi Nnmgorm el

respectivel y.
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A.5 Crack Propagation Speed

A5Crack Propagation Spe

The crack propagation slpened ait edt heac
anodi zed alAde0pwlam alallcaw !l @t ed wsiptehe dt h e
camésae specifi3cdp e patednlahtee 6eOxDpbenr fi pnse n
conducted on a cyl i nda=i cladl mnc e nado lau mn
of the cr akikg uGseh®th dwn ailnti me of <c¢crack
correspondi,m@studark oagf @rmanees vel ocity of

Ice column ) | | Crack propagation
Jueiieiing S

Background sub.

Figure A 6: Observation of the crack propagation at the interface between a cylindrical ice
sample of diameter O=14 mm and an aluminum substrate.
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A.6 Plotting Met hod

The mapping of the SSI'F and the conto
the interface were created with the |
provided single d&Oan@@i nthsi cihn wfeu nec ttiho
throttghcaion to obtaiFn guiaenkAoguBteorA pl o
t he ori ginkdr dtahtea npaopi ntthsat r epresents t
met loomd a 100 x walsO G@peosi tnrtasr iglryi,d t he toug

been created with the following fitting

Q HOERH- AT O- Q (A1)

where the f idthilidiowe rpea rdeemetr4mi snear blye aotn
met hTohdee val ues of the fitdrfoage paepmet ed
Tabl3e A

Pear sesnqusarcehdi tweast perforgeaddnes < hefc kt |
for ad@acshpec[tl Yr®Bffhe test statistic is ca

B (A2)

whelries the number 0% @®hderwvhéeiexpgpeofetdy
val uesQof type

The valsecafl cul ated from the square of
numerically calcul ated data and the val
100x100 grid. | f..itdhel exad ctuh an.etila® aduiet |
on the degrée=eslOOx fOrGeedolM’(000) and on
signi fiFc@ne®) ( then the goodness of the
The valderoft he gi.vesn Pp0G'0od3 LHiowdsli b es f o
of 0.2, O,tlhéek,al ared @G.re43a 595, 1392, and
t hr ee &I9s etsh eo f.viasl useu.cokf...t.halthe goodness o
i's therefore verified.

134



A.6 Plotting Method

Table A 3: Values of the fitting parameters cFohdFchQfor each & YO aspect ratio investigated

in this study.
OFfrasp ¢ mn
R I 1 I - -
Ofr= 0]4.59|6.6215.71H 8. #8101 5. 711
Ofr= 0.]3.28|-6.49| 7.912F 9. 82H 5. 248
Ofr= 0.]4.60|-6.90| 7.819F 1. 27H 6. 778
2.36 152 1.34 1.35 1.36
0.3001 ® 58
0-275, 46 1.62 1.45 1.47 1.47 26
0.2501 ®
2.4
0225 59 175 1.60 1.61 1.62 -
S0.2007 * '
2.0
017574 191 176 1.78 1.78
0.1501 @ o 18
012594 2.09 1.94 1.97 1.96 16
0.1001 ® ) ) o 1.4
0.4 0.6 0.8 1.0
H/D

Figure A 7: Data points that have been used to construct the SSIF plot for the shear stress

dominated case.
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Figure A 8: Contour plots for the case of a toughness-dominated detachment. The
toughness parameters are given for a ratio of & YO of (A) 0.2, (B) 0.167, and (C) 0.143. Both
for the single points as well as for the contour plot, the same color scheme was used. The
density of the points is higher in the experimentally relevant zone, to improve the accuracy
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3.61 2.09 1.52 1.54
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[¢) o
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~
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of the fitting (see Figure 4.15 of the main text).
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A.7 Validity of the Proposed Model

A.VVali dity of the Propo

Thweal idity domain f ®r,thkebGt,aaatnedc (mmoolc
(O I's anFalgyu®eeh A ef fect of the substr.
Ssheart samdkesel asti c st rRiiqudea &ATdhyB .ibsa saen
casensifdoerhed substrat e ®el BbSStuibsietqyn ean a ly
Young’'s modul ugr atiruahkgesd btsd ¢ atb sl@® & e d
how theemairmslOBPaltcdw respect to the ba
mi ni mum shear str esdsownndt oelaa sStu bc3dsrtartae
GPa (the 10% | imit is rEpge¥enfAed by .
The effect of the ,® astiisc armdadwBesd Aa fr
and D. I't canO bdoebdseovetiavbat measur
computed minimum shear stress. Howeve
of the elastic strain energy.

The Young’' sbumdcdeu,l ubaofonly a minor

mi ni mum shear str-e9s sGHFang (t9thee. Ar @ mgter arf i
cal cel asedc isgriamnfmlOeenrecgy by
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A B
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Figure A 9: Influence of the Young’s modulus of the substrate O (A and B), of the mold
(e} (C and D), and of theice O (E and F) on the minimum shear stress and elastic strain
energy, respectively. The 10% error limit with respect to the base case is indicated by the
green dotted line.
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A.8 Validation of the Dimensional Analysis

Val

dat I

on

of

t he

(A3)

(A4)

Table A 4: Validation of the dimensional analysis. The geometric parameters "(CHOhand &
are kept constant, therefore also the left-hand side of equations A and B should be constant.

The calculated left-hand side terms are summarized in columns A and B. The standard
deviation is = 12% for A and + 3% for B.

T41/m7 1 NI o 4+iePal A B
0.40 50 9 2.51 5.50
0.49 50 8 3.27 5.52
0.69 50 7 3.53 5.53
0.01 10 9 2.57 5.26
0.07 20 9 2.80 5.27
0.32 40 9 3.26 5.41
0.40 50 9 2.46 5.50
0.70 60 9 3.06 5.56
1.36 80 9 3.30 5.69
2.13 100 9 3.35 5.78
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A9 Deri vati on of t he 2 D

Graphs

The -diwoensi onal analysis of the inter
compare the interfaopesheaegr srsaloeadideewiert k
analysis allows to understand the role

column height on the detachment mechani
ThBHwan@ow gr aphsstaaret itrhge deaiinwvtatfiom tolfe t h
strain vs. cr iTobi ¢ a&lnedsstrhretaarstliscedr eegsgsrna msy.

energyr a®wéredhespendent of the force appl
guantitiesbgré heodm@&lpigac@ntdente x pafessi or
To(QY) &fwdQY) ar e-abofhged using ftdaredcrit)]
the cri-apemilngreanco.gn t i eawayratbae cri

andare obtained as a functionaaof t he s
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A.9 Derivation of the 2D “Strain vs. Stress” Graphs
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Figure A 10: The critical shear stress and critical crack-opening energy release rate curves

are obtained by re-arranging the T7wand "fw plots (the quantities are normalized by the

displacement (). The critical quantities are represented as a function of the surface area (%

Surface).

141



Appendix A

Al oughwmse.ssAppl i ed For c
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Figure A 11: Numerical simulation of the value of "Owith changing force "Oapplied on the
outside of the mold. All the other system parameters, such as "OHchx F’O, are constant.
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A.11 Preliminary Tests on Aluminum

A. Ptelimnary Tests

Table A 5: Experimental tests on Al-6060 aluminum alloy. For each diameter ‘O, the critical
ice column height "Ofor the transition from toughness- to stress-dominated detachment is
found experimentally. For diameters O 10, 12, and 14 mm, the "OFO ratio at which the
fracture mechanism changed was observed to be 0.25. For O 8 mm, it was not possible
to observe a toughness-dominated fracture.

r [mm] fimm] Critical 5 [mm)] 57
8 1 - -
10 1 2.5 0.25
12 1 3 0.25
14 1 3.3 0.24
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A. 12 Benchmar k Shear T e

KUL Test Devi ce

The tests at KU Leuven were conducted

Machine (Jikan Group), which comprises
tester body, a remo#dé@®)j npadtiaon hemimto e (
(Ji ka-B O RML compl ete BFegupR.THe smawn 1t as
bodyiclaudferseezi ng cel | measuring 62 mm

—+

he surrounding environment by a dur at

guartz windows on the fron(Peltomgreamrd]| !
situated at the base of the cell and ar
of the cell i's equipped with a fixed,
sample fixture, while the righezeside f
shaped f oirtcle prfolbet (v mm sampl e contact
transducer on a ball screw motion syste

The temperature within the freezing c:¢
stage and the sampltey pseurtfhaecremi suttoirl iszeinnsg
humi dity is gauged in the vicinity of
besl o#timealf eedback from sensors | ocate
itsel f. Dehumidification is achieved t|
an inlet | ocated on the rear wall of th
aneécsred within the freezing cell, t he
i solating the cell from the surroundi ng¢
testing process.

The temperature and humidity are main

injected remotely from the top iIinlet o
cel | i s mounted on a positioner with ceé
t o aWlg usted in order to achieve opti mal
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A.12 Benchmark Shear Test Devices

were producesihaupseidh gmocludbsoi made from p

thickness of 1 mm.

Injection inlet

/ Ice Layer

Base Sample

Figure A 12: (A) Overview of the test system at KUL, including a side view of the test cell. (B)
Photograph of the SIRRIS test device which is placed inside the large climatic chamber. (C)
Schematic of the SIRRIS test device.

Sirris Test Device

The Sirris test device is |l ocated in
m x 7 m x 8 m. The temperature of the

60°C to 60°C, with humidity values th
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be programmed to perform ther mal cycli
Additionall vy, the chamber i's equipped
accrete the ice on the subsi0a€Ces at ar
The actual tedti gwédRi eAedi Bssphpbwaoednins
chamber. It is composed of a base with
| ayer accretebBi garr@)h.A Tshaempsl eemp(lseeeof di n
x 0.3 cm is placed on the base in fron
sample using the water spray system.
The pushing cart is then moved along
continuously increasing force on the ic¢c
a height of 0.3 mm from the sample. The
abev3 mm.
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A. 13 Dynamic Test Device

A. 13 Dynamic Test Devi

Il ce is accreted on the opposite side
I s at(tsecge’d) AA | aser vibrometer 1S uUc¢
of the oscillations. Due to some cons:

the vibrometer (from +5 °C to +40 °C)
iced sample a2°aL€,t eampamastudrad imfg | ayer
used to physically separate the | ase

measurements were conducted through

i nsul ating |l ayer and woodenwiothd®uwel e
movements. A picturFd gufrBet e setup i s
A

Laser pointing

Piezos location

Figure A 13: Photographs of (A) the titanium sample plate equipped with the piezoelectric
system and (B) the laser vibrometer placed on top of the insulating layer inside the freezer.
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Appendix B:
CaplillaryDriven Water Transport by
Contrast Wettability:Based Durable

Surfaces
The following sections have been pu
i hbl10lduyca Stendardo and Theodoros Di mif
articl e, wi t h equal contributions. L

characterization of the substradrd th
Theodoros Dimitriadis assessed the dul
to the work performed by Luca Stendar:
The study presentedai surnfhace cthagpd str

wettability for enhanced Iwhdhlerhéraospe
ice removal f r ent i sngr ftaeccehsn,o | aqyti ievse cdaen
wi phssbboweice adhesipocmwspd eeftaec easnd r el i ¢

from[ilAMhiigl e the previous tphar tch aa fa ctt leir
met hogastowei ce adhesion surfzead.erth
transport t e cshurpipapa €ts v etr hméatd i dgen t ebcyh n o |
effectively removing mel {esdumsgaf et yf ao
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operational rel i § AR2Mhdrye foofr et,h et hien sctor nutm
surface investigated here has not been
previous <chapters, but the working pri

analyzed and the wat erhatrraacntseprorztedcapabi

B.1 I ntroducti on

Surfaces with contrast wettability, al
ar e wi despread i n natur e as t hey ar
managé¢maRt4] As an Seramphea sp.., a ten

possessest eaxtcwormbianredd pattern of wettabi
of nonwaxy tips and wax yc osalsotpaal d efnotgeri hd
in Namib’'s arid idrestehed .f dd,e Dteaerndiend awsg
sand durdegstwatoddiroptl ®tisn svrhalclhe ¢ hleea’ s 0
back toward it s 1In2o2ultnhs,p i@ medde dbotydp | ahvi isstk @ mp |
possible to creauefaoasr st wabhyalinigi n
where the directionall 1t2r2a9]sport of | i gt
To achieve such contrast with wettabl ¢
chemistry and dry ef{fd¢BABRAgf bhhvewddkehby p
modi f i[clad3.®]JmMNsot wi t hstanding the plethor

approaches did not | ead to commerci al
durability-womrslsdesadgpicapallonsecond, proc
upscaling concerns related to the wuse
environmentally friendly (according to

regul@atd4ddanky4qg]

To overcome these sboudgomwegpPresenth
design based on contrast wettability t
one of the most common engineering subs

in applications wher e guwicde daswaptreort otnr ae
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B.1 Introduction

membr ane fuel cell s, digital mi crofl u
water harvestirkdn®y9 ,alp43 .,ilcdb]i ons

The novel surface structure, fabrica
f | ueéraisred pol ymer t o anodi zed al umi n
technique by a scal ddl4d, 14t ]d 2 Eea md els:
capidrliavreyn water transport: t he combi i
| aser texturpersecwisteh rnaidila hnetbreaed K = de rcak
driven water transport mechani sm. Suc
dur abl eormamantealvliiy friendly sur thaacseesd, ¢
artificialyetaesnigs wamd haheng in Miami,
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B. 2 Experi ment al Secti o

B. 2.1 Materials and Coatings

Al uminum (Al) alloy with h®4@ Qanodi ze
has been used\ asy dirfog hsiblkset rtasthd .o-mg t hat
100° | anld° has been used as a hydroph
femtosecond | aser has been used to cr

aluminum substrates.

B. 2.2 Methods and Apparatus

The wettability of the surfad®sawds c
slide()angdaesurements using thehosuessesi | e
instrument . Watuévroldurnoep Iweetrse udpe ptoos i5t0e d g

in atmospheric conditions at room temp

measur ement s wer e conducted usi ng b
(https:/ /i magesjo.urecte) saonfd wadhred logoemsiu r “f @&rc e
mor phol ogy-abfateée hwdreophilic tracks

emi ssion scanning electron microscope
voltage of 5.00 kV. Before observation
| ayeto enhance their contrast since th

conducti ve.
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B3Resul ts and Discussi o

B3. 1 Water Transport on Contr

The innovative concept of contrast w
beetle to adeptly collect water from
as it stanBsgulpsei Be down (

a

Contrast wettable surface

Fog-laden wind o=

c
Phobic-to-Philic Transition Radial Flow

Top-View Side-View Top-View Side-View
' { = 0.000 sec .

t=0.00 sec

A

b t=0076sec & 1=0.13sec

5 ——

Figure B 1: Working principles of the bioinspired surface on an application scale. (a) Namib
desert beetle collects droplets of water using its contrast wettability patterned back, which
allows it to guide water to its mouth. Its back consists of hydrophilic (honwax) bumps set
among hydrophobic (waxy) areas (inset). Its back design and natural forces (wind and
gravity) help the beetle to harvest water. As the droplets coalesce, they eventually become
large enough to roll off the hydrophilic island. At that moment the capillary force that
attaches the droplet to the surface is overcome by gravity. As a result, the droplet rolls to the
hydrophobic area, eventually leading to its mouth. (b, c) Top and side views of the radial flow
and phobic-to-philic transition, respectively, two key mechanisms that enable efficient

displacement of accumulated water. A single tapered track can continuously remove up to
10 mL/min in completely wet conditions. Adapted from [104].
Similarly, the textured surface we

hydrophobic (perfl uor oal kaonxoyd)i zaerde aasl urmr
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all oy with | aser fabricated microtextur
better contr ol of the surface roughne
hydrophobic areas resulFtisggulbre) cBontrast \
As in the case of the beetle, the Dbior
working principles to dirt¢@thiwatcen ra@ams;
and the outward radial Ffgowelt Buosugat dy
first key mechanism for enhanced water

drops on the hydrophobic surface trans

(phdahbihd | ic transition). Subsequienel y,
pumped outward on the hydrophilic tra
hydrophobic/ hydrophilic junction (flow
l'ine), vophpltmad duppbet d rahsported by a si |
the hydrophobic surface practically fre
The-cfolnatrast wettabil i tFyi gsulcyef @Bt et lte elad ¢

mi crotexturedahVyVodowophbi foc Wwaaekstranspc
outer region of the horizontal sampl e s
Laplace pressure differBR.n3Ed3f e(cdi socf u sCsheac
Geomé)yryThe outer edge of the contrast
l eaving the nat wmmaldliyz edy darl awpmiinluimc ehkgro
agueous |l iquid reaches the outer edge,
tracks duoef tcoo athiinsgl.li &lchiseu rhfyadaeo pchn t he ec
wettability surfacesasdtsd,edt Isa me&f oroe,r ea
water from the hydrophilic tracks. The

surface was tested byr efsltoanb |oins htimegg wvae tc

tracks. Tests demonstrated that up to
track. Considering t hat t he full sur f
di spl acement capacity is measer wdt ¢ o k
application. However, It i's i mportant

interpreted as the maxi mum capacity of
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to | arge volumes of water. Nonethel es
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suggests that the surface may be eff
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B3. 2 Surface Characterizati on

To facilitate the investigation of
surfaces have been prepared on e¢ircul
anodized alumi FRugiulaga hB8Bws caatiopg.down |
contrast wettability sur face, iGncl uc
measurements. The base materi ablasiesd ¢
pol ymer [Teflon perfluoroal koxy (PFA)]
techniqgue was used to generate the hy
removiengutr f ace polymer and microtextu
The hydrophilic tracks do not meet a
( sfkeiegu2ae cBenter) . Il nstead, they inters
def i ne a hydlIrhoep hsoibxi ct acpeenrteedr starnapcl kes bdyi \
angu)e Whi ch Tihse seeftf etcat 105° .t hi s-damglea
force i s expl g fBfeacti nofseCli®mwmme hgGe dme t
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of | arge vo¢lLo®és of water
The micropill ars hawan atnh ea vpeirtacghe (hcee n
di stancem sam34 6t e 2pi | |l ar twom Fbefaccer

ablation depth (from the pol ymmar iThesu
pol ycnoeart i ng shows an awvel@lyye x£xod8dt acivh
mi crostructured —alasmifnouunm dt rtaoc kdge ptehned

conditions. I n wet conditions (which
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humi di ty etnhvel rnoenanseunrtesdhgdnopbt+ao3y3°eaok
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Hydrophobic (102° + 3°)
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Figure B 2: Characterization of the contrast wettability surface. (a, middle) Contrast
wettability surface comprising the laser-ablation, tapered tracks of hard anodized
aluminum, bounded by the polymer islands both on the sides of the tracks and in the center
of the sample. (Top-left) SEM images of the micropillar structure next to the
hydrophobic/hydrophilic junction and (bottom-left) the micropillar structure on the
hydrophilic surface away from the junction. (Top- and bottom-right) Water contact angles
measured on both hydrophobic and hydrophilic surfaces, respectively. (b) EDX mapping of
the elemental composition on the laser-ablated micropillar structures. The colors refer to
the dominant peak by EDX. (c) FTIR analysis of the polymer coating. The absorption band in
the region between 1100 and 1250 cm™ corresponds to vibration modes of CF4G #0-3)
groups [154]. Adapted from [104].

The behavior of changing wetting proc
conditions can be explained by taking .
tops: frodn gpher seyvea g¥ IFy sgiugb)e( BBDXi, s evi de
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the micropillar tops show a bhbuightaeonk
| aser abl ation procedur e, It has been
FiguxetoB the FTIR analysis of the pol
pi I[l1a5rbsh e presence of combustion res
characteristic of the tracks in dry e
Nonet hel ess, duringcleavyiroaisn drhde hi
dropl et s and condensation of water

mi crostructur e, which enhances hydrop
exhibit a strong hydrophil iecs i adhuaersa cotne
pillar top, which proves useful 1 n cre
of thewebhababitty surf dgdésfToawadmipi dre a
flow on hydrophilic tracks results in

B3. 3 Effect of Channel Geomet

The droplet movement along the taper
and the Laplace pressure imbalance.

determined by the difference betyeen t
and that on t he—)hydrhoep hhiilgihce rs e-chéen ddn sf f

— the higher is the capillary force.
While moving on theFihgyu3deppthhéei dr oppe
el ongated shape, following the edges
the i nitial driving force caused by s
hydrophilic tapered trackeculae. cAsatah
Fi gu3dgpe tBhe center of '‘©fhreodrtolpd ectentseratce
(i .e., the narrow end of the hydrophi
droplet contact l ine touches the hydr
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he hydrophilic sections, a waterfront
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ase, preéspuneedifferential wildl drive
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Figure B 3: Physics of transporting a droplet along a tapered track. (a) Schematic of the initial
circular droplet placed over hydrophobic/hydrophilic junctions. The angles of the contact
line at the junctions (5 and 5 are relevant for the capillary force. Due to that, the initial
spherical droplet will eventually move to the hydrophilic tapered track and the covered
distance depends on the angle W and takes the form of a tadpole droplet. (b) The graph
shows the link between the net capillary force, "Q and the head angle of the wedge, W. The
wider (large W) the track, the higher the capillary force is achieved close to the center of the
sample. In order to achieve a maximum capillary force along the tapered track, it is
recommended to design a track with variable wedge angles. "Ois the gravitational force. (c)
Schematic of the radii of curvature for water accumulation on hydrophilic tapered tracks,
which provides insight into the Laplace pressure-based water transport mechanism. The
diverging shape of the hydrophilic tapered tracks constrains the radius of curvature 'Y,
resulting in a water transfer toward the larger portion of the track. The inset figure shows a
top view of the bulge of water developing over the hydrophilic track, keeping a liquid footprint
from the center to the edge of the contrast wettability surface. The shape of the bulge was
analyzed to explain the Laplace pressure difference-driven water displacement. (d) Laplace
pressure 0 ona single tapered track as a function of accumulated volume. The dotted lines
represent Laplace pressures of spherical droplets of different radii. Adapted from [104].

To investigatedtiheehampadadicael prlecwuirme r

with the contrasting wettability patt

wetting and then droplets are deposit
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hydrophilic tracks converge. During th
was placed on a horizont al surface. Th
forms a bulge over the hydrophilic tr:
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As explained earlier in thas beccalnt
at any point of the water volume by
curvature. The sum of the reciprocal s
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B.4 Section Concl usi ons

Il n this study, we designed and devel o
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devel opment of such strategies even in
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