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Abstract

Spontaneous change of adhesion of solidifying tigom surfaces is of significant importance in
materials technology where it finds applicationshsas anti-icing components operating in extreme
environments like those of seals. In this worksileitoutadiene rubber (NBR) composites reinforced
with graphene, carbon nanotubes, and a mix of tgen immersion in several fluids, experienced
both a swelling and a reduction of the cross-liekgity that reduces ice adhesion, being this effect
more evident for graphene containing samples. Theselts have been rationalized via a first
principles atomistic modellization of interfacesrfed by ice water of increasing thickness and
graphene and scaling laws from fracture mechareegaling a clear synergy between swelling and
nanocarbon phase in the icephobic nature of theposite, dictated by a competition between
elastic modulus and adsorption energy. These fgsdioould find an upscale in component
validation readily applied to different areas whdeeicing demands handling of large amount of

environmental harmful agents.

Keywords. A. Nano-structures; B. Mechanical properties; Computational modelling; D.
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I ntroduction

Elastomers are commonly considered the workhors#sedandustrial and automotive components
because of their good resistance to lubricantsgaedses and their relatively low cost. Nowadays,
there is a continue need to develop high performammnposites for use in the exploration and
operational drilling applications in extreme locais where the extreme conditions such icing
problems become hazardous, limiting the extradictivities unless reliable solutions are found. In
transportation, bearing seals mounted on airc@ftponents are subjected to icing problems that
require a solution. More in general, the removabotreted ice remains an expensive daily and

industrially concern across the globe [1,2].

Different chemical and physical methods have beeveldped to remove ice once formed, e.g.
heaters, hot water/glycol mixtures, vibrators, pnatic boots on aircrafts, or to prevent the water

wettability, e.g. nanostructured ice-phobic coadifig9].

In general, the adhesion of ice on stiff substwathout interfacial defects are hard be separated.
However, if one of the solids is deformable, theayt can be separated imposing a differential
deformation. Kim et al. [10] found that polymeritnfs of low modulus and low surface energy do
promote easy release and demonstrated that theaksghear stress of fracture decreases with the
shear modulus of an elastomeric surface. Thus, wteradhered to a low cross-link elastomer
experiences a shear stress, the ice detacheshmivetelastomer interface at low applied loads [5]
For elastomers, it is known that the modulus istesl to the cross-link density that can be
calculated by the well-known Flory formula [11];rdble organogel anti-icing material via swelling
cross-linked poly(dimethylsiloxane) with liquid éiin was reported [8] while Golovigt al. [12]
recently predicted the icephobicity of differenp@&g of polymers by filling a polymer with oil. They
optimized the polymer/plasticizer (i.e. oil) comaiions to obtain low ice adhesion and good

mechanical durability.



Recently Park et al. [13,14] demonstrated thahtiwid filler provided significant enhancement of
mechanical properties, such as flexural strenddxufal modulus, and fracture toughness. In
particular, the epoxy composite containing graphégérid exhibited a stronger mechanical
behavior [13]. Here we are interested in investigathe physical properties and swelling of neat
nitrile butadiene rubber (NBR) and respective geaqgh and/or carbon nanotubes (CNTS)
composites and understanding their surface adhgsioperties with specific attention to ice.
Concerning graphene, its interaction with waterigcan extremely broad and deeply investigated
topic [15] for which no conclusive homogeneous lsshave been provided so far. On the
theoretical side, many aspects of the interactieslranisms have been investigated such as the role
of the substrate [16],e. the different behaviour in terms of structural abelctronic properties for
water layers and ice interacting with graphene waitd graphene on a substrate. Focusing on the
adsorption mechanism of water clusters and ice @diroa graphene, Leenassal. [17] found a
hydrophobic and icephobic behaviour of graphené it adsorption energy that increases as the
cluster size increases, with a convergence limitX8 meV per molecule, while ice dimers result
slightly stronger bound to graphene. As widely régd the adsorption energy of the water and ice
water molecule is highly influenced by its orierdatand not secondarily its calculation is affected
by the adopted theoretical scheme to describe teehamism [18]. The different outcomes
associated with different experimental conditiomsl gheoretical setup somehow indicate that
pairing the two approaches is mandatory in ordesktain meaningful comparisons [1bf. the
choice of the theoretical setup (models and lefrebhtculation) highly depends on the experimental

phenomena to be modelled.

In the present paper we prepare graphene and/os ®B8ded rubber composites and measure their
ice adhesion after fluid susceptibility tests. Fipsinciples atomistic modellization of interfaces
formed by ice water of increasing thickness andplgeae show a clear icephobic nature of

graphene that linearly increases with the thickredsse. The predictive design and behaviour of
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such composites in extreme environment would bécglyde to the automotive and aviation sectors,

where the demand for multifunctional rubbers iseasing.

Experimental details

An Acrylonitrile Butadiene rubber (NBR) under theade name Krynac 2850F (acrylonitrile
content: 27.5 wt.%, Mooney viscosity M1+4) 100 °C 48 and a density of 0.97 gicmas used as
rubber matrix. Multi-walled carbon nanotubes wenedky supplied by Nanocyl S.A. under the
trade name Nanocyl NC7000. Graphene nanoplateBti$§) were kindly supplied by NANESA

(G3Nan average thickness of 9 mB5 layers, average lateral particle size 18).u

Rubber compounds were prepared in an open tworndll at room temperature. The rotors
operated at a speed ratio of 1:1.4. The vulcamizaingredients were sequentially added to the
rubber before to the incorporation of the fillerdasulphur. The recipes of the compounds are
described in Table 1. Vulcanizing conditions (tenapeére and time) were previously determined by
a Monsanto Moving Die Rheometer MDR 2000E. Rublmnmounds were then vulcanized at
160°C in a thermofluid heated press. The vulcawizatime of the samples corresponds to the
optimum cure timegp derived from the curing curves of the MDR 2000HeTiller volume
fraction was calculated from the well-known relasbip: f=(\W/ps)/(Wi/ps + Wr/pm), Where W is

the weight fraction of the filler and Wis the weight fraction of the matrix, whit¢ andpn, are the
densities of the filler (i.e. 1.75 g/énfi19] for CNTs and 1.70 g/cirfor GNPs) and the matrix,
respectively. For the case of the hybrid filleg, presenting both GNPs and CNTSs, the equation was

adjusted in order to take into account the presehbeth fillers in the matrix volume.



Table 1. Recipes of the rubber compounds (indicated in phr: parts per hundred of rubber).

sample NBR ZnO  Stearicacid MBT - (2-Mercaptobenzothiazole) S CNT GNPs
NBR-O 100 5 15 1.5 15 0.0 0.0
NBR-1 100 5 1.5 1.5 15 0.0 5.0
NBR-2 100 5 1.5 1.5 15 5.0 0.0
NBR-3 100 5 1.5 1.5 15 2.5 2.5

Isopropyl alcohol and Jet Al Total 20 were useéfllads for immersion. For each fluid, according
to the test procedure ASTM D 471, five specimengehaeen immersed in the appropriate fluid for
70 hours at the temperatures of 50°C and 40°C dopropyl alcohol and Jet Al Total 20,
respectively. At the end of the required immergenod, the specimens were cooled down to room
temperature for 30 to 60 min, then dipped quicklyacetone at room temperature, and blot lightly
with filter paper. Tensile stress-strain propertiesre measured according to ASTM D 412
specifications, on an Instron dynamometer (Mod@l14 &t 25 °C. At least three specimens of each
sample were tested. The hardness measurementspesoemed with a durometer according to

ASTM D 2240. At least five indentations on each penwere performed.

The swelling studies were performed on a known ma&wand weight of vulcanized rubber in the
form of a rectangular sample that was taken forlswemeasurements in immersion liquids. After
attaining equilibrium swelling (70 hours), its whktgwas recorded and the volume variation was
estimated according to ASTM D 471. Five measurem@mteach liquid were carried out. The ice
adhesion strength was measured using a custom, sehigpe a force transducer was fixed to a
slipping table. Prisms with the dimension of 10 nmid*mmx6 mm were positioned on the sample
surface and then filled with water. They were tifi@zen for 12 hours at -20°C. The shear force
was applied at a distance of about 1 mm from tihepelastomer interface. The measurement was

performed at -10°C. A FTA 1000 Series instrumentigoed with a CCD camera was used to



measure the ice contact angles on various sulstiagonized water droplets were dropped onto
the rubber surfaces and the contact angle was ameditstatically as a function of time. The
measurement was carried out on top of a liquidedd?eltier cooling plate (TECA Corporation,
model LHP-800CP) while purging nitrogen to redueenmidity and thus frost formation on the
samples. The obtained values were the averagaed theasurements, and the typical error in the
measurements was +4°. The morphologies of the prdpsamples were investigated by atomic
force microscopy (AFM). AFM images were obtainedtapping mode. Field emission scanning
microscopy (FESEM) was performed on the cross aedf the samples by means of Zeiss Supra

35.

Computational Details

Density Functional Theory (DFT) based simulatioasénbeen performed by means of a numerical
atomic based approach SIESTA code [20,21]. The @iV¥Z-(LMKLL) [22,23] non-local density
functional was employed along with the newunserving pseudopotentials of the Troullier—
Martins (TM) [24] type for the description of there electrons. The plane wave-aft was set to
200.0 Ry. The very first step for this kind of arsié was the optimization of graphene and ice
structure. For both systems we started from themxgntally reported lattice. For ice in particular
we considered as initial guess the hexagonal dr{isdawith symmetry Bzymmc (Z=4) at -66°C.

[25].

The geometry optimization has led to a structuregfaphene characterized byb=2.506 A (821
k-points employed in the Brillouin Zone, BZ), whilerfice we got a geometry wheaeb=4.401 A
and c=7.164 A (10x10x6/-centred sampling of the BZ, corresponding to 33&oints). As a

further validating test, for ice we calculated Bk Modulus, finding a value of 8.92 GPa, not far



from the experimentally reported data of Mellor .3-9GPa) for the bulk modulus of pure

polycrystalline ice at T << 0°C [26].

Results and discussion

The cross-link of the filler with the matrix can bstimated from the well-known Kraus relationship
[27] that plots (Figure 1) the ratio of the volurmaction of the swollen rubber (¥ and swollen
filled rubber (), against/(1-f) where the slope represents the polymer-filleraution parameter.
For Vio/Vs values higher than 1 this means that during thellswg the matrix separates from the

fillers indicating a weak cross linking between gatymer and the filler [27].
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Figure 1. Kraus plot after swelling test on NBR containfBPs/CNTs fillers.

The swelling is thus an equilibrium state obtaimdten the dimensions of the elastomer increase
until the concentration of the liquid is unifornrélighout the component [28]. This relationship is

quantitatively expressed by the Flory-Rehner equd9]:
per=[IN(1-V)+V iV AIVV F3-0.5V] (1)

where Vf is the volume fraction of polymer in a swollentstg is the Flory-Huggins interaction

parameter between the polymer and the solvent aisdhé molar volume of the solvent.
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According to the Flory and Rehner theory [29] wigkate the volume fraction of the liquid within

the swollen elastomers from the well-known reladiup:

®Louin=(Wuiouin/pLiouin) (Wuguin/pLiouip + T+ Wi/pm), 2

where Wiquip is the weight fraction of the liquid calculatedrn the relative difference of the
weights of the sample in its dry and swollen sthigthe volume fraction of the filler and Ws the
weight fraction of the matrix, whil@ quip and pn are the densities of the liquid and polymer
matrix, respectively. The results were reportedable 2. In Figs. 2a-b, we show the decrease of
the cross-link density of the three different rubb@mposites after swelling in different liquidsher
mechanical properties reported in Table 2 desalbe how a certain amount of liquid reduces the
cross-link density and thus, the hardness, tessingth, elongation at break and modulus of the

prepared composites.
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Figure 2. Swelling and cross-link density reduction of lidifilled GNPs/CNTs nanocomposites

for (a) Jet Al Total 20 and (b) isopropyl alcohol.



Table 2. Thefiller volume fraction content (f) of the respective nanocomposites reported in Table 1
and resulting hardness, elongation at break, tensile strength, modulus (at 50% strain), swelling
ratios and liquid volume fraction (@ quip) before and after liquid immersion. The superscripts (*)

and (**) indicate the properties after the immersion in Jet Al Total 20 and isopropyl alcohal,

respectively.

Sample f Hardness Elongation at break Tensile Modulus  Swelling @y quip
(GNPS/CNTS) (ShA) (%) strength (MPa)

(MPa)

0/0 0 63.5+0.7 498+59 1.62+0.12 0.62+0.02 - -
0/0(*) 59.0+0.7 31740 1.26+0.12 0.49+0.02 1.2%£0.0.402
0/0(**) 61.0+0.7 182+4 0.79+0.02 0.44+0.02 1.243D.0.390
5/0 0.030 65.5+0.7 724+81 3.82+0.41 1.18+0.02 - -
5/0(*) 59.5+0.7 455+104 2.38+0.29 0.96+0.02 1.2420 0.413
5/0(**) 61.5+0.7 354+12 1.68+0.25 0.79+0.02 1.3@D 0.410
0/5 0.028 69.0+0.7 58625 7.08+0.54 0.79+0.02 - -
0/5(*) 68.5+0.7 384+43 4.54+0.09 0.69+0.02 1.24#£0.0.408
0/5(**) 64.5+0.7 306+14 3.74+0.25 0.53+0.02 1.24¥D 0.409
2.5/2.5 0.028 68.5+0.7 699+63 5.44+0.56 1.03+0.02 - -
2.5/2.5(*) 62.5+0.7 494462 3.54+0.24 0.79+£0.02 5*¥@02 0.416
2.5/2.5(**) 63.5+0.7 363+37 2.90+0.09 0.70+0.02 28+0.02 0.421

In Figure 3, we present the ice adhesion dataHerthree different nanocomposites after liquid
immersion, whera' S is the nominal (evaluated as shear force/interéaea) adhesion strength
of liquid filled sample whilet'®®,, iquid IS the adhesion strength of the un-filled samplest, we
observed the reduction in ice adhesion strengit batween the swollen and un-swollen composite

with the decrease of the cross-link density.
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Figure 3. (a) Measurements of adhesive strength of a glass frozen on swollen elastomer. The
inset shows the glass prism frozen on elastomér.M@asuredt® for NBR nanocomposites

obtained with different GNPs/CNTs combinations &srection of the liquid volume fraction.

We then investigated the reduction in ice adhesiwangth ratio between the swollen and un-
swollen composite by means of surface charactesizaf the prepared samples. The values of the
contact angle and surface roughness reported urdsgda and 4b and Table 3, indicate that the
higher contact angle values after the fluid treatimie not correlated to the surface topography

which is within the experimental error after thaidl immersion and that in accordance with the
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study of Jung et al. [30], our results suggest that hydrophilic surfaces before the treatment

(Figure 4a) may become icephobics.

Table 3. Nanocomposites reported in Table 1 and resulting contact angle and surface roughness
before and after liquid immersion. The superscripts (*) and (**) indicate the properties after the

immersion in Jet Al Total 20 and isopropyl alcohol, respectively.

Sample Contact angle Surface roughness
(GNPs/CNTS) @) (Hm)
0/0 21+4 0.11+0.03
0/0(*) 40+4 0.12+0.02
0/0(**) 454 0.12+0.02
5/0 3344 0.13+0.03
5/0(*) 60+4 0.16+0.06
5/0(**) 73+4 0.12+0.01
0/5 33+4 0.10+0.02
0/5(*) 80+4 0.10+0.02
0/5(**) 784 0.14+0.02
2.5/2.5 36+4 0.20+0.08
2.5/2.5(%) 67+4 0.16+0.04
2.5/2.5(*%) 73+4 0.14+0.03
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Figure 4. (a) CCD images of ice on different rubber subssaand (b) corresponding
topographical scans (7@m X 70 um) by AFM. The superscripts (*) and (**) indicat@et
properties after the immersion in Jet A1l Total 2@ &sopropyl alcohol, respectively. (c) FESEM
images at different magnifications of the crosgieacof the 5/0 nanocomposite. The inset shows

the surface and volume electrical resistance valtidgferent rubber compounds.

Moreover, from a deeper investigation of the cresstion of the 5/0 sample (Figure 4c and

Supplemenray Material) we observed a confinemerthefgraphene sheets on the surface. This
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finding was also confirmed by the enhancement efstirface electrical conductivity with respect to

that observed for the bulk resistance (inset oufdgdc). We argue that the graphene and ice
interface is comparable with that of graphene ecéd rubber and ice. Thus, on the theoretical
side it is worth investigating the interface regiohthe system constituted by graphene and ice,

trying to establish a trend in the icephilic/-phobature of graphene.

In order to do it, considering tha) @ssembling an interface formed by hexagonal cedly result

in an unpractical procedure due to the presengeaofyjle different from 90°, thati) in our casea
andb lattice parameters of the two subsystems formegfinal interface are noticeably different,
a rotation procedure in both cells in order to $farm y angle at 90° (see Figure 5 for what
concerns graphene) will result beneficial to obtifinal interface tetragonal, with the advantage
that the so-obtained in plane lattice parametergraphene and ice have a very small mismatch.
Importantly, as we see in the following, such misrhas not only negligible once the interface is
assembled along the [001] direction of ice, bus ialso minimal once the interface considered is
that formed by [100]-oriented ice and grapheneis ltvorth mentioning that the same rotation

procedure has been successfully applied in intesféf@rmed by graphene and pi@anosheets [31].

(a) (o)

Figure 5. (a) Unit cell of graphene; (b)*2 supercell of graphene and (in the red rectartbke)
used 4-atoms unit cell. (Reproduced with permissiom [29] Copyright © 2014 by John Wiley &
Sons, Inc.)

14



In details, the new lattice parameters obtainedttertetragonal ice cell aes=7.57,b=4.42, and
c=7.14 A, while those for graphene @e7.51 andb= 4.34 A, respectively. In this way, at first, we
can calculate the (compressive) stress that thgt aciented along the [001] direction, [25]
experiences once it is deposited on graphene. Fosam calculations we gefE=0.014 eV
(corresponding to the mechanical stress energy\dwd0.866 &, confirming the negligible stress

present at the [001]-oriented ice/graphene intetfac

It is important to mention that bulk model lgfice has a net dipole moment along=ven if the
calculation of its energy does not represent aissalke, [32,33] and also considering #direction

a natural initial choice in assembling the integfa€ it is indeed the non-periodic direction for
graphene — it becomes quite problematic to assembleterface whose non-periodic direction
contains a dipole. To overcome such issue, we deerded to considerot the [001] direction, but
the non-polar [100] one, where the surface mismbativeen the tetragonal ice slab and graphene

is still sufficiently small not to give noticeabddfects (~3%).

A three layer of such facet is reported in Figur&@ such slab, following previous literature, {34

36] we similarly calculated the surface energydbat we refer to the equation:

_ Estap—M"Eice
Esurf = T (3)

where Eg is the energy of the slab of ice considergg, i& the chemical potential of ice water as
obtained from the bulkS (considered twice, since the system is symmeisidhe area of the
exposed surface of the slab angs the number of ice unit in the slab conside@#li6 our case).
The energy of such surface is 0.542Mie tested the energy convergence increasing dpagers

of ice the thickness of the slab alandinding a difference in energy < 0.6%.

To assemble the ice/graphene heterostructure, we dansidered three units of ice along the non-

periodic directionx, [100], further adding ~20. A of vacuum on topicé in order to avoid any

15



possible spurious interactions between replicashefinterface along. Importantly, the lattice
parameters of the interface are the same (optiiaedraphene, since the model here aims to

mimic the growth of ice on graphene layers.

b---o

pood
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P
1b—ﬁ~ =°

p -
H-o=q

: p -
bg

e p--oe
b -

p--oo

Figure 6. Optimized structure of a 3-layers slab of iceJjl@riented.

Furthermore, due to the asymmetric nature of therfece, we have corrected the dipole present
along the [100] direction. We are aware that thiclegrers should be used for a more realistic
description of such systems: we are similarly awtheg for our purposd,e. to get an atomistic

description of phenomena that take place at thg wderface, three layers are a sufficient and

computationally accessible amount.

The stress energy contribution is mainly mechanfoal chemical) since ice is “one-legged” [37]
physisorbed on graphene as shown in Figure 7, wiher@ptimized structure of the most stable

interface ice/graphene is reported.
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Figure 7. Lateral views of the supercell of the most stablerface optimized. (a) unit cell. (b) 5x5
supercell (Red: O atoms, white: H atoms, brown:t@ns. Dashed bonds: H-bonds among water

molecules).

In details, the closest distance between atomiseofitaphene layer and those of ice (H, in this)case

is ~2.37 A, with such atoms lying at the midpoihdC=C bond (See Figure 8).

{
[
af
I\
(

Figure 8. Bottom view of the (2x2) supercell interface gr@phene. (Red: O atoms, white: H atoms,

brown: C atoms. Yellow: H atoms closest to the peaqe layer).

We thus calculate the adsorption energy for theriate corrected for the Basis Set Superposition

Error (BSSE) [38]. To do it we have used the equmti

Eads: (Eice + Egraphen): - Emterface (4)
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From such equation it is clear that the more paesis the adsorption energy, the more stable is the

interface.

Recent theoretical and experimental results hawsvshithat according to its dimensionality, 3D
bulk or 2D layered ice is characterized by différsinuctures [39-42]. Even if this kind of analysis
is out-of-scope of the present paper, it is wortentioning the small variations in terms of
adsorption energy, reported in the following, thppear once we treat ice as bulk (3D) or as a

nanosheet (NS) in the formation of the heterostingcivith graphene.

In the case abulk ice interfaced with graphene we have to add a terEgin(4) to take into account
the energy difference between the three layers kBeping ice bulk lattice parameters (7.14 x 4.42
A?) and three layers keeping the interface (i.e.a@tafggraphene, 7.51 x 4.34)Aattice parameters.
In this way we obtain anjg= 0.141 eV. To test the effect of ice thicknesadsorption energy we
have reduced the ice amount to two layers (2Listt &nd finally to one layer (1L). The adsorption
energies in this case resuliyE 0.192 eV (2L) and 0.247 eV (1L), respectivelycluesults are in
agreement with a power law scaling predicted bgtfn@ mechanics in the formdg(n)=Eags(1)/n",

wheren is the number of ice layer and theoreticaly).5 [43] whereas experimentally hedd.47.

Moreover, to consider the layers of ice as NSs aweshio add a term in Eg. (4) to take into account
the energy difference between the three layers avhmplane lattice parameters are fully optimized
and the three layers keeping the interface (i@sdtof graphene, vide supra) lattice parameters. As
in the previous case we tested the same procedutbrée different thicknesses of ice, n=1,2,3.

As expected, we obtain values ofyfclose for the two approaches but still noticeatifferent,
mainly for thinner layers. In particular, for3 we get Bgs= 0.140 eV, fom= 2 E,4s= 0.185 eV, and

for n=1 we get Bys= 0.235 eV. Again, such results are in agreemetit thie previous scaling with

x[D.51.
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Table 4. Adsorption energy per molecule of H,O (eV/molecule) vs. number of H,O layers (n=1-3).

n Bulk NSs

1 0.0309 0.0294
2 0.0120 0.0116
3 0.0058 0.0058

The overall trend for the two approaches analyseétaen shown in Figure 9, where the relationship
between number of ice layers (thickness) and atisargnergy is reported. We are aware of the
limits of our modellization, mainly of the fact thae are considering just one ice surface facet and
also that the maximum number of ice layers herestigated is three, an amount clearly largely
smaller than that of experiments and thus furtleets and thickness should be investigated.
However such a limitation has been mitigated carsng) the reported scaling law, thus for better
connecting simulations and experiments. Also no& the interface shear strength is predicted to
scale ast=K*(E*E ,4s)’ Where E is the modulus, the absorption energy iE considered to be
proportional to the fracture energy of the rublmer-interface, K is a dimensional constant of
proportionality (a function of the structural sibere fixed, see [44]) and theoretically -accordimg
fracture mechanics- y=0.5 [44]. This equation shaw®mpetition between E angyEor reducing

the adhesive shear strength of ice on rubber: Wadlisg reduces E (see Table 1) whereas the
nanocarbon phase increases E (see Table 1) buedace By and moreover when both swelling
and nanocarbon phase are present the competitioot igivial and a clear synergy between these
two phases is experimentally emerging. This is sanzad in Table 5, where the experiments are

compared with the numerical/theoretical predictj@owing a good agreement with y=0.39.
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Table 5. Experimental findings of the interface shear strength and of the modulus E (at 50% of
strain). The theoretical values of the interface shear strength for the swelled nanocomposites were
obtained by the best fit of 7=K*(E*Eaq)® with K=0.41 (N/m?)*%Y/(eV)** and y=0.39 taking into
account the adsorption interface energy with ice Ex=0.140eV (3L). The theoretical values of the
interface shear strength for the NBR samples were obtained by using 7=K* (E* Eqgs)’ With the same
previous best fitting values of 0.41 (N/m?)*Y/(eV)**, y=0.39 and rescaling the E,gs to the fitting
value of 1.2eV considering the experimental moduli of swollen and un-swollen rubber; similarly for
non swollen composites we use the fitting value of 1.2eV and their related experimental moduli. The
superscripts (*) and (**) indicate the properties after the immersion in Jet Al Total 20 and

isopropyl alcohol, respectively.

Sample TExp. Eexp. TTheor.
(GNPS/CNTSs) (MPa) (MPa) (MPa)
0/0 0.51 0.62 0.50
0/0(*) 0.25 0.49 0.25
0/0(**) 0.26 0.44 0.26
5/0 0.40 1.18 0.40
5/0(*) 0.16 0.96 0.18
5/0(*%) 0.16 0.79 0.17
0/5 0.40 0.79 0.50
0/5(*) 0.16 0.69 0.16
0/5(**) 0.17 0.53 0.15
2.5/2.5 0.40 1.03 0.48
2.5/2.5(*) 0.17 0.79 0.17
2.5/2.5(**) 0.17 0.70 0.16

At the same time, consistent with experiments, Wweeove that the thicker the ice slab the more

icephobic graphene will result. Interestingly, &stedd, increasing the thickness of ice leads to a
20



convergence between the two approaches (bulk & Nit#s3sing the main role in the formation of

the graphenel/ice heterostructure played by the fustylayers of ice.

E, 4 graphene ice(100) interface
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Figure 9. Relationship between ice thickness) (and adsorption energy {E eV).

Eads(N)=Eags(1)/N*, wherex[D.47 or 0.51 vs the theoretical value of 0.5.

On the other hand, to better investigate the ickgity of graphene we have focused on the
binding energy (BE) of ice once forming the intedawith graphene. In particular, we have
calculated the BE by removing one ice unit@) from the one- and three-layers of ice and
obtained a BE of 0.852 and 0.805 eV, respectiv@ (Figure 10). Keeping in mind the fact that the
ratio between BE anH,gspreviously calculated is between 3 (1L) and 6 (31§ confirm previous

theoretical data about the icephobicity of graphgts further adding that such icephobicity

increases with the thickness of ice.

We want to conclude this section stressing thatroadellization does not include the interface
formed by ice and CNTs. The reason for such ch@ckvofold: the first is technical, that is

modelling large radius CNTSs including their curvagiwould imply a sensitive enlargement of the
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simulation cells, the second motivation stems fian@vious literature which clearly demonstrated

the suitability of graphene layers as precursoiGMTs used in absorption analysis [45].
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Figure 10. Optimized structure of the 3L ice/graphene irsteef after a KO ice molecule removal.
The position of HO ice removed is indicated by the black circle (R@datoms, white: H atoms,

brown: C atoms. Dashed bonds: H-bonds among waikrcuies).

Considering only the exterior surface of CNTs ardardless their radius, other systems, like
molecular hydrogen [46] and oxygen, [47] have bleemd to be quite insensitive in the adsorption

process to the layered or tubular nature of sudhoceceous systems, further supporting our choice.

Conclusions

Overall, in this work, we report swelling and créis&k density, which can affect the ice adhesion
for graphene/carbon nanotubes based elastomeritacear It was found that swollen
nanocomposites (i.e. lower cross-link density) handcephobic surface. Materials with graphene

filler show a low level for the interfacial strehgtWe rationalized such results by means of an
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atomistic and continuum modellization supporting tibservation of a synergy between swelling
and nanocarbon phase in the icephobic nature ofdhgosite. We pave the exploitation of such
results for the realization of rubber nanocompastteat may have applications in rubber based

components that need to survive in extreme coldr@emwments.

Acknowledgments

GG wants to thank CINECA [grant number HP10CN7LAGY acknowledge PRACE for awarding
us access to resource Marconi based in Italy atECIN [Grant number Prald 3664]. G.G. is
similarly grateful to CARIT [grant number FCARITRER]” for supporting this research. MALM

thanks the support from the MINECO [grant number T2816-81138-R]. NMP is supported by
the European Commission under the Graphene Flagsimg? [WP14 “Polymer Composites” grant
number 785219] and FET Proactive “Neurofibres” igraumber 732344]. LV is supported by the
European Commission under the Graphene Flagship2CaWP14 “Polymer Composites” grant

number 785219].

23



References

[1] Mulherin ND, Haehnel, RB. Ice engineering: pregs in evaluating surface coatings for icing

control at corps hydraulic structures (US Army Eregir Research and Development Center, 2003)

[2] Hejazi V, Sobolev, K Nosonovsky, M. From supgitophobicity to icephobicity: Forces and

interaction analysis. Sci Rep 2013;3:212296.

[3] Chen J, Dou R, Cui D, Zhang Q, Zhang Y, Xu kod X, Wang J, Song Y, Jiang L. Robust
prototypical anti-icing coatings with a self-lubating liquid water layer between ice and substrate.

ACS Appl Mater Interfaces 2013;5:4026 — 4030

[4] Dou R, Chen J, Zhang Y, Wang X, Cui D, Songl¥ng L, Wang J. Anti-icing coating with an

agueous lubricating layer. ACS Appl Mater Intere2014;6:6998 — 7003

[5] Golovin K, Kobaku SPR, Lee D H, DiLoreto E T,ddry J M, Tuteja A. Designing durable

icephobic surfaces. Sci Adv 2016;2:€1501496-1501512

[6] Kim P, Wong T-S, Alvarenga J, Kreder MJ, Adotliartinez WE, Aizenberg J. Liquid-infused
nanostructured surfaces with extreme anti-ice anidfiast performance. ACS Nano 2012;6:6569 —

6577

[7] Urata C, Dunderdale G J, England M W, HozumiS&lf-lubricating organogels (SLUGS) with
exceptional syneresis-induced anti-sticking prapsragainst viscous emulsions and ices. J Mater

Chem A 2015;3:12626 — 12630

[8] Wang Y, Yao X, Chen J, He Z, Liu J, Li Q, WadgJiang L. Organogel as durable anti-icing

coatings. Sci China Mater 2015;58:559 — 565

[9] Zhu L, Xue J, Wang Y, Chen Q, Ding J, Wang Qe-phobic coatings based on silicon-oil-

infused polydimethylsiloxane. ACS Appl Mater Inecés 2013;5:4053 — 4062

24



[10] Chaudhury MK, Kim K H. Shear-induced adhediaiure of a rigid slab in contact with a thin

confined film. Eur Phys J E Soft Matter 2007;23:2¥83

[11] Flory PJ. in Principles of Polymer ChemistGornell Univ Press, Ithaca, New York (1953),

chll

[12] Golovin K, Tuteja A. A predictive framework rfahe design and fabrication of icephobic

polymers. Sci Adv 2017;3:€1701617-1701619

[13] Zhang Y, Rhee KY, Park S-J. Nanodiamond namsier-decorated graphene oxide/epoxy
nanocomposites with enhanced mechanical behavidrtl@rmal stability. Composites Part B

2017;114:111-120.

[14] Zhang Y, Rhee KY, Hui D, Park S-J. A criticgaview of nanodiamond based nanocomposites:

Synthesis, properties and applications. CompoBigesB 2018;143:19-27.

[15] Melios C, Giusca CE, Panchal V, Kazakova Ot&van graphene: review of recent progress.

2D Mater 2018;5:02200022018

[16] Wehling TO, Lichtenstein Al, Katsnelson MI.r&i-principles studies of water adsorption on

graphene: The role of the substrate. Appl Phys2@®8;93:20211.202113

[17] Leenarts O, Partoens B, Peeters FM. Waterraphgne: Hydrophobicity and dipole moment

using density functional. Phys Rev B, 2009;79:235285445

[18] Freitas RRQ, Rivelino R, de Brito Mota F, dasilho CMC. DFT studies of the interactions

of a graphene layer with small water aggregat®hys Chem A, 2011;115;12348-12356

[19] Krause B, Mende M, Pdtschke P, Petzold G. &isability and particle size distribution of
CNTs in an aqueous surfactant dispersion as aifumdf ultrasonic treatment time. Carbon,

2010;48:27462754

25



[20] Ordejon P, Artacho E, Soler J M. Salbnsistent ordelN density-functional calculations for

very large systems. Phys Rev B, 1996;53:R10840444

[21] Soler J M, Artacho E, Gale J D, Garcia A, Jugrq J, Ordejon P, Sanch&ortal D. The
SIESTA method for ab initio ordeN materials simulation. J Phys: Condens Matter,

2002;14:27482779

[22] Dion M, Rydberg H, Schroder E, Langreth D Qyndqvist B I. Van der Waals density

functional for general geometries. Phys Rev 12604;92:2464012464404

[23] Lee K, Murray ED, Kong L, Lundqvist Bl, Langhe DC, Higher-accuracy van der Waals

density functional. Phys Rev B, 2010;82;0811081104

[24] Troullier N, Martins JL. Efficient pseudopotes for planewave calculations. Phys Rev B,

1991,;43:19932006

[25] Chichagov AV. Information-calculating systemrn ocrystal structure data of minerals

(MINCRYST). Kristallographiya, 1990;35:610-616

[26] Mellor M. Mechanical Properties of Polycrysia¢ Ice 217-245, IUTAM Symposium

Copenhagen 1979, Physics and Mechanics of IcepiEeldr Tryde

[27] Kraus G. Swelling of filler-reinforced vulcarates. J Appl Polym Sci, 1963;7:8&'1

[28] Boonstra BB. “Rubber Technology and ManufaetuCM Blow and C Hepburn (eds),

Newnes-Butterworths, London (1975)

[29] Flory PJ, J Rehner Jr. Statistical mechanicsross-linked polymer networks Il swelling. J

Chem Phys, 1943;11:525926

[30] Jung S, Dorrestijn M, Raps D, Das A, Megaridis Ghbulikakos D. Are Superhydrophobic

Surfaces Best for Icephobicity? Langmuir, 2011 2759-3066.

26



[31] Masuda Y, Giorgi G, Yamashita K. DFT studyasfatasalerived TiQ nanosheets/graphene

hybrid materials. Phys Status Solidi B, 2014;2571t41479

[32] Makov G, Payne MC. Periodic boundary condisian ab initio calculations. Phys Rev B,

1995;51:40144022

[33] Hamann DR. KO hydrogen bonding in density-functional theory.y®iRev B, 1997;55:

R10157R10160

[34] Perron H, Domain C, Roques J, Drot R, SimonCBtalette H, Optimisation of accurate rutile
TiO, (110), (100), (101) and (001) surface models frpeniodic DFT calculations. Theor Chem

Acc, 2007;117:565-574

[35] Giorgi G, Fujisawa J-1, Segawa H, YamashitaUfraveling the adsorption mechanism of
aromatic and aliphatic diols on the GiGurface: a density functional theory analysis. P@hem

Chem Phys, 2013;15:9769767

[36] Giorgi G, Yamashita K, Segawa H. First-Prifegpinvestigation of the Lewis acid-base adduct
formation at the methylammonium lead iodide surfaebys Chem Chem Phys, 2018, DOI:

101039/C8CP01019F

[37] Ma J, Michaelides A, Alfé D, Schimka L, Kres& Wang E. Adsorption and diffusion of

water on graphene from first principles. Phys Re2®L1;84:033402033404

[38] Boys SF, Bernardi F. The calculation of smalblecular interactions by the differences of

separate total energies Some procedures with rddaroers. Mol Phys, 1970;19:55366

[39] Chen J, Schusteritsch G, Pickard CJ, Salzn@&@nMichaelides A. Two dimensional ice from

first principles: structures and phase transitiétig/s Rev Lett, 2016;116:0255@P5506

27



[40] Xu K, Cao P, Heath JR, Graphene visualizesfitst water adlayers on mica at ambient

conditions. Science, 2010;329:118891

[41] Algara-Siller G, Lehtinen O, Wang FC, Nair RRgiser U, Wu HA, Geim AK, Grigorieva IV.

Square ice in graphene nanocapillaries. Naturedao)) 2015;519:443145

[42] Li Q, Song J, Besenbacher F, Dong M. Two-digienal material confined water. Acc Chem

Res, 2015:48:11927

[43] Carpinteri A, Pugno N. Are the scaling laws strength of solids related to mechanics or to

geometry?. Nature Materials, 2005;4:4223

[44] Pugno N, Carpinteri A. Tubular adhesive joinigder axial load. Journal of Applied

Mechanics, 2003;70:83839

[45] Ishii A, Yamamoto M, Asano H, Fujiwara K. DFgalculation for adatom adsorption on
graphene sheet as a prototype of carbon nano tubetidnalization. J Phys: Conf Ser,

2018;100:052084052084

[46] Henwood D, Carey J D. Molecular physisorption graphene and carbon nanotubes: a

comparative ab initio study. Mol Simul, 2008;34:9201023

[47] Giannozzi P, Car R, Scoles A G. Oxygen adsonpbn graphite and nanotubes. J Chem Phys,

2003;118:10031006

28



