Description

Segment copolymer for making icephobic
coatings

Technical Fied

The present invention generally relates to a segroemolymer comprising rigid and soft
segments wherein the soft segments are doped withxa The polymer can be used to
make an icephobic coating of which the icephobidgseance arises from segregated soft
hydrophobic microdomains spreading over the coasungace. This surface heterogeneity
is realized through incorporating a small dose afaffin wax into a micro-polymer matrix
formed of a specific type of segment copolymershwiite chains consisting of rigid and
soft hydrophobic segments. The wax molecules seddygtdope the soft hydrophobic
segments owing to the structural similarity betwediphatic side chains and paraffin
hydrocarbon chains, which enhances micron-scalggegation between rigid and soft
hydrophobic segments. The segregated soft hydrapalorodomains sustain supercooled
water droplets through the dynamic alternationa biige number of conformations of soft
aliphatic chains, from which entropy is transfertedthe water phase. This hydrophobic
agitation at interface retards icing surroundingnthand leads to a significant delay of icing
as well as a reduction in ice adhesion eventually.

Background Art

Thermal hot air bleed anti-icing systems and ttstaillation of rubber de-icing boots have
been used in the aviation industry to remove icaianilated on the leading edges of wings
and control surfaces (e.g. horizontal and vertgtabilizer) of aircrafts. Recently, several
different methods using electrothermal or electrgnsic devices were proposed.
Although hot air bleeds from engines to evapordte impinging supercooled water
droplets on the leading edge surface is highlyceffit and maneuverable for anti-icing,
problems such as the related energy consumptiontla@dvulnerability of composite

materials to heat erosion are present at the same. tAlternatively, adoption of

electromagnetic and chemical dissolution methods bineak ice accretion on the leading
parts also raise concerns with regard to the damégiee skin materials since the device
exerts an impulsive force or chemicals on the serfarhere is currently no icephobic
surface treatment capable of tendering robust pmgoce on high performance
aerodynamic surfaces; furthermore, most concepés rat affordable or not easily

repairable. In contrast to the approaches utilifirgjon, scraping and dissolution to remove
ice, the endeavor to fabricate an intrinsicallypleebic surface is obviously more attractive
because of low cost and convenience. To date, wiwal icephobic surface structures
have been identified: (i) Traditionally superhydnopic surface consisting of low-energy
molecular chains such as perfluoro-carbon or longirdcarbon chains and rough
topography in micron and nano scales, known assilgaf inspired superhydrophobic



surfaces (LLISS); (ii) Slippery liquid-infused par® surfaces (SLIPS) comprising a porous
substrate and a non-volatile lubricating liquiddayn the substrate. As icing starts with
formation of frost in humid air, an icephobic swdashould defer formation of frost, in
particular a flat frost on it, and be able to induwweak ice texture near to the surface.
Icephobic performance of a surface in questiorftenoassessed in lab by the retardation of
sessile droplet from freezing and the reductionicef adhesion relative to the pristine
surface. To attain an icephobic surface of the IS.k$pe, incorporation of hydrophobic
nanoparticles, such as long aliphatic chain-ancha@mnopatrticles, into a coating matrix,
incorporation of hydrophobic organic molecular segis into a sol-gel coating matrix, and
development of a rough hydrophobic coating arepitevailed strategies. Of the two key
structural characteristics, surface roughness leas ltonsidered to be more critical than
hydrophobicity to implementing icephobicity. It hasen observed that a superhydrophobic
molecular segment layer covalently bound to a $latface (Al) via silanization lacks
icephobic durability. However, the complex topodrigl features of a LLISS increase ice
nucleation sites and hence, promote ice adhesimpaed to a smooth surface with similar
surface composition in humid surrounding once s&cbimed. On the other hand, to realize
an icephobic surface of SLIPS type, a porous sarfaith roughness in micron or
submicron level has to be impregnated by a lukirigaliquid; for instance a hydrophilic
porous substrate (cellulose) infused with aquealstisn of glycerine displays an anti-
icing behavior. Nevertheless, hydrophobic oils amest often employed to construct
icephobic SLIPS. The most inspired element of SLiE®s liquid component at the lowest
possible temperature because icing on liquid isvsfathan on a solid and also ice/liquid
interface has much smaller adhesion strength. Tyedoncept derived here is that the
softness in terms of viscous trait at low tempeesy in particular the hydrophobic
softness, is an essential element of icephobidrapaBoth LLISS and SLIPS designs have
yet to manifest feasibility towards pilot testing far. This is partly because a practical
aerospace icephobic coating must not only meetdadelations for aerospace paint such as
Aircraft painting and finishing by FAA, it must alssatisfy the requirement of easy
maintenance and repair operation (MRO). There igicaisly a technical gap between
practical needs and these two cutting edge deskprsexample, the SLIPS are easily to be
polluted by dusts and also vulnerable to washingputine of MRO. Whereas for laying
down a LLISS on the leading edges of aircraft,ai$ ho satisfy with the requirements such
as glossiness, adhesion to primer in a broad teatyrerrange, electrostatic charge proof,
etc. Besides, LLISS will encourage capillary corglgion at high relative humidity
percentages (RH %), leading to formation of a wadeead of ice nuclei once near freezing
point. Practically, to realize an icephobic surfacethe leading edges of wings and control
surfaces (horizontal and vertical stabilizer) oteaft, modifying the surface of an existing
aerospace topcoat by a one-step approach is mesteffective and practically (MRO)
viable.

There is therefore a need to find new materialsiéephobic surfaces, especially thin
icephobic coating (IpC) films being suitable to dyean aerospace hydrophobic PU
topcoat.



Summary of Invention

According a first aspect of the invention a segneaqolymer is provided comprising rigid
and soft segments wherein the soft segments amddeph a wax.

Advantageously, the segment copolymer can be usedake an icephobic coating with

segregated soft hydrophobic microdomains spreadirg the coating surface. Compared
to LLISS or SLIPS concepts commonly used, the itivenconcept explores a technically

much more viable and simpler, but effective icepboboating through designing a

heterogeneous matrix comprising soft hydrophobicradomains and rigid segments,

where the concept of low-temperature softness dnitheo segregated softness at micron
scale are the core of this invention. These twacstiral characteristics are essential to
impede icing and deteriorate proliferation of caysstructure of ice. The IpC is then

derived from a specially formulated liquid solutiohthe segment copolymer that includes
paraffin wax dopant and a chemical curing agenthSmprovement, i.e. weakened ice
adhesion, is related to the micron-scaled hetereigenonsisting of rigid segments and soft
hydrophobic microdomains, which induces massivefigted ice phases in contact with the
coating surface and leads to a drastic reductiostliong ice-biting sites on the coating
surface. It is suitable to overly an aerospace d¢ylobic PU topcoat.

According to one embodiment a segment copolymprasgided consisting of rigid and soft
segments wherein the soft segments are doped witixa

According to another embodiment of the inventioa tigid segments comprise polymer chains
comprising monomer units selected from methacryktigene, acrylonitrile butadiene styrene,
4-hydroxylbenzoic acid, vinyl chloride, or monomargade from bisphenol A (BPA) pre-
monomers. These embodiments use specific monoméhne rigid segment. Rigid segments are
essential, because otherwise any coating made tinenpolymer will give rise to a very soft
coating surface that does not meet the requirefoerntimensional stability and also undertakes
a faster icing than counterpart with rigid segmeAiording to another embodiment the soft
segments comprise a polymer chain comprising monamis bearing a linear or branched
side chain selected fromy§Xdecyl) to G (octadecyl) alkyl groups. These groups allow for a
excellent capability to capture the wax to obtaiwax doped segment copolymer. In another
embodiment the soft segment additionally comprimesomers with organic functional groups
that can be crosslinked via a crosslinker. Thisimssthat an optimal structured coating can be
obtained by curing with the crosslinker. In a fertrembodiment the functional groups are
located on side chains close to the main polymaincbf the copolymer which helps to achieve
an optimal sizing and spreading of segregatedhsaftophobic microdomains over the coating
surface when the polymer is being used in a coating

In yet another embodiment a model for a segmentdginer has been provided wherein the
rigid segments substantially consist of polymerich@af methyl methacrylate (MMA) and the
rigid segments surround the segregated soft segmehich substantially consist of a
copolymer of a lauryl methacrylate (LMA) monomerdaan adduct monomer of glycidyl
methacrylate (GMA) and 1-dodecylamine (DDA). Thenté'surround” in this regard means
that the different monomers are not arbitrarilytritisited over the polymer and that each soft
segment of significant length is in between rigeyments of significant length. Therefore a



segmented polymer is not just a polymer with onlrper block in the middle capped with
other polymers at both ends. The tri-component segmopolymer of this embodiment has

three structural characteristics: 1. Formation dfMA rigid segments and P(LMAGMA L

DDA) soft segments in each individual copolymerinbdecause MMA has a weak tendency to
evenly copolymerized with either LMA or GMEDDA; while the latter two monomers have
very similar structures and hence strong tendeadprtm a segment with well mixing of the
two; 2. Both LMA and GMA LDDA monomers bear C-12 linear and saturated aliplsitie
chains 3. The presence of a pendant amine (-NH-) and a pendant hydroxyl (-OH) groups at
each monomer unit of GMADDA near to the backbone. As such, each copolynheinc
consists of randomly distributed PMMA and P(LMA— @MDDA) segments. The PMMA
segments contribute physical rigidity to the matfxipC film made by solution casting. The
aliphatic side chains of the P(LMA-GMDDA) segments fix the wax molecules added
through chain entangling, driven by structural &hnify, to constitute soft and hydrophobic
microdomains. Formation of segregated microdomadtiser than larger patches is because
only a few P(LMA-GMALDDA) segments (from the same or different polymeteuules) are
spatially nearby due to the portioning role of PMMAgments. Fig.1 shows the schematic
approach of making the tricomponent polymer. Adudislly, curing agent, for instance,
isophorone diisocyanate (IPDI), introduced to tlmating formulation of the polymer can
crosslink the pendant hydroxyl and amine groupsidday the P(LMA-GMALDDA) segments

in individual domains. As a result, the final cogtimatrix consists of soft hydrophobic P(LMA-
GMA LDDA)®IPDI microdomains and PMMA segments, which arerlotked as depicted in
Fig. 2. The icephobic property of this IpC can lieilauted to the discrepant physicochemical

properties between PMMA segments and P(LMA-GNDDA)®IPDI microdomains. This
discrepancy is extended through incorporation shmall amount of wax into the copolymer,
because the wax molecules promote local aggregatioR(LMA-GMA1DDA) ) segments

through their entangling with thaiphatic side chains; the individual aggregates formed are
eventually fixed through IPDI, the curing agent,iethcrosslinks —OH and —NH- groups. In

parallel with this, each P(LMA-GMADDA) )®IPDI microdomain formed is surrounded by

more PMMA segments. Such segregation of the P(LMAGMDA) )®IPDI microdomains

imposes an interference with the propagating digichuclei to form an ice layer. This is
because the homogeneous solidification must gaugiir@n initial nucleation stage, in which
nuclei formed will increase when they are largamthhe critical nucleus size determined by a
particular temperature, which becomes smaller \lih decrease in temperature. Hence, to
prevent icing at a low temperature, supercooleemartoplets formed on the microdomains due
to chaotic water molecule assembly inside the @tsplto function as micro heat reservoirs.
These supercooled water droplets confine the niicteaf ice along their boundary through
supplying heat to overlying tiny ice nuclei andrthi® slow down their growth. Too small
microdomains will have difficulty in sustaining sngooled water droplets to repress the growth
of ice nuclei nearby because of a lack of adequaterfacial perturbing strength. In
consequence, the growth of these ice nuclei witlim promote icing in the supercooled water
droplets. It is therefore advisable to have segroepblymer chain structure where long enough

P(LMA-GMA 1DDA) segments are formed through the assistandaleofwvax-doping, which
will constitute the microdomains after coating aoding. These resulting microdomains should



be able to retain supercooled water droplets oweylthem in order to retard icing surrounding
them with the decrease in temperature. This detigiechanism depends on the domain size as
well as its softness, where mixing between thehalip side chains and wax is critical. It has
been confirmed that placing a wax layer on the éfiddat does not help deicing.

The optimal mixing would extend chain flexibility wax at a lowest possible temperature
since dynamic chain motions are essential in keppimiropy of water molecules inside the
droplet, namely an effect of chemical agitation. fAs as the role of PMMA segments is
concerned, they maintain dimensional stability e toating through segregating the soft
hydrophobic segments into microdomains by rigidnsegts. To confirm this point, a
control coating made only of wax-doped P(LMA-GMADDA) ®IPDI on the same PU
substrate gives rise to a very soft coating surthe¢ does not meet the requirement for
dimensional stability and also undertakes a fastérg than its PMMA-containing
counterpart. Its weaker de-icing capability canchased by a lack of micro heterogeneity
that is imperative to break down continuity of waphase because the bulk of water is
affected by the discrepant soft and rigid polymepaographies, which could thereby
facilitate impeding proliferation of the nucleatiohice. In addition, the microdomain size
ensures adequate hydrophobic softness becausexthat eof chain entanglement is
effectively confined with the decrease in size thuspatial proximity.

In one embodiment the tri-component polymer is gnsent copolymer wherein the molar
ratio of the monomer units MMA:LMA:(GMA/DDA) is ahd 10:1:4. Similar ranges may
be an optimal size range for wax-doped P(LMA-GNMADA) ®IPDI soft hydrophobic
microdomains to fulfil the contrary needs for fongilarge enough hydrophobic soft
domains in order to supply sufficient entropy te thverlying supercooled water droplets
and also for maintaining rigid segments surroundhregsoft domains. The fractions of the
both types of segments in the copolymer and waxndpgxtent determine the attainment of
an obvious icephobic performance over the coatimgf, may vary according to the
monomers used in the copolymer.

In yet another embodiment wax additives are usedh& doping of wax, such as a
polyethylene, polypropylene or polyamide oligomefie additives can enhance the
stability of wax in the coatings made from the poér against washing and scrubbing.

According to a second aspect of the invention tigeprovided a process for making a segment
copolymer according to the first aspect of the imi@ comprising the following steps: (i)
synthesizing a segmented copolymer by reactingnthi@omers of the soft segment and the rigid
segment and (ii) adding wax to the segment copalyimeone embodiment the wax is added
during the synthesis of the polymer. This enhartbesformation of improved segmentation
between rigid and soft segments during the syrghbgi supporting the formation of long
enough soft segments, which will constitute therodomains after coating and curing. In a
further embodiment of the process the segment gopml is made in a free-radical
polymerisation and segmentation is achieved byamger self-polymerization of the monomers
of the rigid segmentomparedwith the copolymerization with the monomers of theft
segment. This further improves segmentation betwiggth and soft segments of best suitable
chain length.



According to a third aspect of the invention, thase also provided coating with
hydrophobic microdomains surrounded by the rigiginsents obtained by curing a coating
solution comprising the segment copolymer accordinthe first aspect of the invention.
Advantageously the coatings have an improved icejgcheurface and can be used in
various applications where surface icing is a peobl The coatings can be made according
to a process for making such coating comprising steps of (i) providing a coating
solution of the segmented polymer of the first asmd the invention and (ii) curing the
coating solution. In one embodiment the introdudaadctional groups in the segmented
polymer are used during curing of the coating bgrasslinker. This curing method
supports a good segregation of gegregated soft hydrophobic microdomains surrouged
rigid areas. The coating is icephobic and provathsantages with regard to a delay of icing and
weakened ice adhesion.

This process is another aspect of the inventiowels as a coating solution comprising the

segment copolymer of the first aspect of the ineenin a solution together with a chemical

curing agent. The coating solution can be usedrnrethod for coating the surface of a metal, a
thermosetting polymer substrate or a thermoplastigmer substrate.

Definitions
The following words and terms used herein shallehdne meaning indicated:

Those skilled in the art will appreciate that thgention described herein is susceptible to
variations and modifications other than those djmadly described. It is to be understood
that the invention includes all such variations amddifications. The invention also
includes all of the steps, features, compositiarnd @mpounds referred to or indicated in
this specification, individually or collectivelynd any and all combinations or any two or
more of said steps or features.

As used herein, the term “wax” refers to organimpounds that characteristically comprise
long alkyl chains. They may also include variousdiional groups such as fatty acids, primary
and secondary long chain alcohols, unsaturated oatbmatics, amides, ketones, and
aldehydes. They may be for instance selected frimeal alkanes, the branched alkanes,
aromatic or naphthenic substituted alkanes, oreglgles. According to this disclosure synthetic
waxes may be particularly mentioned which compit@gg-chain hydrocarbons (alkanes or
paraffins) that lack functional groups.

As used herein, the term "paraffin wax” refers teo#t solid derivable from petroleum, coal or
oil shale, that consists of a mixture of hydrocarlmoolecules containing between twenty and
forty carbon atoms.

As used herein, the term "rigid segment” may rédea rigid polymer chain that cannot move
around more easily based on the monomer it is rfradg while the term "soft segment” refers
to polymer chain that move well, in particular @tnperatures below the normal freezing point.
The term "rigid segment” may refer to a polymeriohaf a polymer with a higher glass
transition temperature ) based it monomers while the term "soft segmesférs to a polymer
chain of a polymer with a lower glass transitiomperature () based its monomers.



As used herein, the term "about", in the contextcohcentrations of components of the
formulations, typically means +/- 5% of the statedue, more typically +/- 4% of the stated
value, more typically +/- 3% of the stated valuerentypically, +/- 2% of the stated value, even
more typically +/- 1% of the stated value, and ewere typically +/- 0.5% of the stated value.

Unless specified otherwise, the terms "comprisiagil "comprise”, and grammatical
variants thereof, are intended to represent "omen"inclusive" language such that they
include recited elements but also permit inclusidadditional, not recited elements. . The
terms "comprising” and "comprise" always includeithmeaning “consisting of” and

“consist of” without being limited thereto.

The word “substantially” does not exclude “complgtee.g. a composition which is
“substantially not leaking” may be completely tighithout any leakage. Where necessary,
the word “substantially” may be omitted from thdidigion of the invention.

Throughout this disclosure, certain embodiments toeydisclosed in a range format. It
should be understood that the description in rdiogmat is merely for convenience and
brevity and should not be construed as an inflexiiphitation on the scope of the disclosed
ranges. Accordingly, the description of a rangeusthdoe considered to have specifically
disclosed all the possible sub-ranges as well dividual numerical values within that
range. For example, description of a range sudioas 1 to 6 should be considered to have
specifically disclosed sub-ranges such as from 3, foom 1 to 4, from 1 to 5, from 2 to 4,
from 2 to 6, from 3 to 6 etc., as well as individlbambers within that range, for example,
1, 2,3, 4,5, and 6. This applies regardless @hbiteadth of the range.

Certain embodiments may also be described broaufllygenerically herein. Each of the
narrower species and subgeneric groupings fallifiginvthe generic disclosure also form
part of the disclosure. This includes the genegscdption of the embodiments with a
proviso or negative limitation removing any subjetatter from the genus, regardless of
whether or not the excised material is specificedigited herein.

Detailed Disclosure of Embodiments

Non-limiting embodiments of the invention will barther described in greater detail by
reference to specific examples, which should notdmestrued as in any way limiting the
scope of the invention.

According a first aspect of the invention a segneaqolymer is provided comprising rigid
and soft segments wherein the soft segments arexddeih a wax.

The soft and rigid segments of the copolymer camadieeved by choosing the respective
monomers to make the polymer. The rigid segmentghefpolymer comprise polymer
chains from monomers that can be polymerized imtlymers with high glass transition
temperature. Examples include monomers of homopeaigrthat can have a glass transition
temperature (J) of more than 70 °C, preferably between about €0ahd 200 °C, most
preferably between about 80 °C and 140 °C. Typisahomers that can be mentioned
include methacrylate, styrene, acrylonitrile, phHemyethacrylate, pentachlorophenyl



acrylate or monomers from derivative of styrene, such ashlprostyrene. The rigid
segments may surround the soft segments.

In an embodiment, the copolymer may have a chaigtleof from about 1200 to about
3500 repeating units.

As the polymer chain of the rigid segment poly(naetlylate) (PPMA) can be particularly
mentioned. It can be synthesized from methyl meitaie (MMA) monomers.

The soft segments of the polymer comprise polynigins from monomers that can be
polymerized into polymers with a lower glass tréonsi temperature than the rigid
segments polymer chains. Monomers that can becphatly mentioned include monomer
units bearing long aliphatic side chains. These sithins can be branched or linear and can
be for instance selected from a side chain seletted linear or branched ;¢ (decyl) to
Cs (octadecyl) alkyl groups which are optionally fastd to the main polymer chain by —
NH-, -CO-, -C(0)-0-, -C(O)-NH- or —O- groups. Pdssi substituents of the long-chain
alkyl groups that can be mentioned include orgwilides such as perchloro or perfluoro
chains. All monomers that are substituted with dner branched g (decyl) to Gg
(octadecyl) alkyl groups of the type described aboan be used. As monomers of the soft
segment there can be particularly mentioned meykateror methacrylate derivatives that
are substituted with the long aliphatic side chasuch as for instance lauryl methacrylate
(LMA) and adduct products of glycidyl methacryla(GMA). Adducts of glycidyl
methacrylates with respective,ddo Cg alkyl amines have been provided as functional
monomers according to this invention.

In an embodiment, the copolymer may have a chaigtle of from about 1200 to about

3500 repeating units, or about 1200 to about 3466ut 1200 to about 3400, about 1200 to
about 3350, about 1200 to about 3300, about 120&8btat 3250, about 1200 to about
3200, about 1200 to about 3150, about 1200 to aBbQ0, about 1200 to about 3050,
about 1200 to about 3000, about 1200 to about 2&5@yt 1200 to about 2900, about 1200
to about 2850, about 1200 to about 2800, about 1@Gbout 2750, about 1200 to about
2700, about 1200 to about 2650, about 1200 to aB600, about 1200 to about 2550,
about 1200 to about 2500, about 1200 to about 2&5@yt 1200 to about 2400, about 1200
to about 2350, about 1200 to about 2300, about 1@Gbout 2250, about 1200 to about
2200, about 1200 to about 2150, about 1200 to abth06, about 1200 to about 2050,
about 1200 to about 2000, about 1200 to about 1&5@yt 1200 to about 1900, about 1200
to about 1850, about 1200 to about 1800, about 1@Gbout 1750, about 1200 to about
1700, about 1200 to about 1650, about 1200 to atbh606, about 1200 to about 1550,
about 1200 to about 1500, about 1200 to about 1&&B@yt 1200 to about 1400, about 1200
to about 1350, about 1200 to about 1300, about 1@Gbout 1250, about 1250 to about
3450, about 1300 to about 3450, about 1350 to aB4&6, about 1400 to about 3450,
about 1450 to about 3450, about 1500 to about 3@yt 1550 to about 3450, about 1600
to about 3450, about 1650 to about 3450, about 1@Gbout 3450, about 1750 to about
3450, about 1800 to about 3450, about 1850 to aB4&6, about 1900 to about 3450,
about 1950 to about 3450, about 2000 to about 3@yt 2050 to about 3450, about 2100
to about 3450, about 2150 to about 3450, about 2@Gibout 3450, about 2250 to about
3450, about 2300 to about 3450, about 2350 to aB4&6, about 2400 to about 3450,



about 2450 to about 3450, about 2500 to about 3@yt 2550 to about 3450, about 2600
to about 3450, about 2650 to about 3450, about 2FGbout 3450, about 2750 to about
3450, about 2800 to about 3450, about 2850 to aB4&6, about 2900 to about 3450,
about 2950 to about 3450, about 3000 to about 3@yt 3050 to about 3450, about 3100
to about 3450, about 3150 to about 3450, about 3@Gibout 3450, about 3250 to about
3450, about 3300 to about 3450, about 3350 to aBébi®, about 3400 to about 3450, or
about 1200, about 1250, about 1300, about 1350ytab4#00, about 1450, about 1500,
about 1550, about 1600, about 1650, about 1700ytabo50, about 1800, about 1850,
about 1900, about 1950, about 2000, about 2050ytabb00, about 2150, about 2200,
about 2250, about 2300, about 2350, about 2400ytab450, about 2500, about 2550,
about 2600, about 2650, about 2700, about 2750tab®00, about 2850, about 2900,
about 2950, about 3000, about 3050, about 3100yta®b50, about 3200, about 3250,
about 3300, about 3350, about 3400, about 3450Catieigeunits, or any value or range
therein.

According to an embodiment the polymer chain of ot segment additionally comprises
monomers with organic functional groups that carfesslinked. These functional groups may
be crosslinked in commonly known click or condeimsathemical reactions. A crosslinker may
be used to crosslink the functional groups. Anhaic or aromtaic diisocyanate may be
particularly mentioned such as e.g. the aliphaacyanates hexamethylene diisocyanate or
isophorone diisocyanate (IPDI). In one embodiméet functional groups are located on the
side chains close to the main chain of the polybaekbone. Preferably they can be introduced
with the aliphatic side chain of one per soft moeorunit. They can be for instance be
introduced by using a monomer which is an addualydidyl methacrylate with an aliphatic
organic amine, such as anoC C;g alkyl amine. An adduct of 1-dodecylamine and glyt

methacrylate can be particularly mentioned (GNDDA). The functional groups can be chosen

according to the crosslinking reaction type cho®ercuring the segmented polymer to form a
coating. —NH-, -OH, -SH, -NKl -N;, C; to G alkynyl, or COOH groups can be particularly
mentioned. -NH- and —OH groups may be preferred.

The average weight ratio of rigid segment to sefirsent may be varied broadly. It may be
between about 1 and 0.1, preferably about 0.7538.0

The molar ratio of the rigid and soft segments ddag even wider then described above, if
another polymer synthesis approach is used (esigpacopolymerisation).

According to one embodiment the segment copolysieravided wherein the monomers of the
segment copolymer comprise methyl methacrylate (MMauryl methacrylate (LMA) and an
adduct monomer of glycidyl methacrylate (GMA) andddecylamine (DDA). The monomers
can be used in various ratios, but the followindanaatios may be preferred:

LMA:(GMA/DDA) is 1:1to 1:10; 1:2 to 1:6 or 1:3 to 1:5, particularly about 1:4

PMMA: (LMA and (GMA/DDA) is 5:1 to 1:2; 4:1 to 1:1 or 3:1 to 1.5:1, particularly about 2:1.

A molar ratio of about 10:1:4 of PMMA:LMA:(GMA/DDApPr a mass ratio of about 10:2.5:13
can be mentioned.

The mass ratio between polymer parts of the rigigiveent to the soft hydrophobic domains
may be chosen between 1:1.2 to 1:3 or 1:1.3 tophicularly about 1: 1.55.
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The soft segments are doped with a wax. This m#atsa certain amount of wax is added
during the synthesis of the segment polymer from nionomers or thereafter. The wax
molecules show a high affinity to the long alkylagis in the soft segment (doping) and are
physically bonding with the soft segment monomérke physical bonding is based of
entangling of the hydrophobic chains in both thex\aad polymer side chains. Preferably the
wax is added during the synthesis to support thadtion of longer polymer chains of the soft
segment. The wax may be selected from linear atkabeanched alkanes, aromatic or
naphthenic substituted alkanes, or glycerides.Wésemay be a paraffin wax. A wax that has an
average linear chain length containing 25 carboay e particularly mention, such as e.g.
CusHs,. However other linear alkanes, branched alkanesnatic or naphthenic substituted
alkanes with similar molecular weights, or glycesdwith melting points comparable with the
paraffin wax would be possible alternatives.

Small amounts of wax may be used during dopingduexze the desired coating material
capabilities. The overall amount of wax used fa doping may be chosen in the range between
4 to 20 mg per g of the copolymer. Amounts of 1tmd 00 mg may however be also possible
depending on the polymer backbone structure otwitesegments. Small amounts of 3 to 10
mg may be preferred. Other contents that can beiomed include 2, 4, 5, 7, 9, 15, 25, 66, 75
or 90 mg wax per g of copolymer.

Preferably the weight ratio of wax to the monomarghe soft segment is 0.1 to 10 wt%, most
preferably 0.8 to 3.2 wt%. Other weight ratios tbah be mentioned include 0.3, 0.5, 1.0, 2.0,
2.5, 3.0, or 3.8 wt%. It can also be a molar rafisvax to the monomers of the soft segment of
0.1 to 6 mol%, most preferably 0.6 to 2.5 mol%.

The wax doped segment polymer can be kept in solwith the wax for later use in coating
applications without isolation. Preferably is kept the reaction solvent of its synthesis,
preferably as homogenous solution. The doped palynay be used directly from the reaction
solution of its synthesis. Preferably the reactod storage solvent for the segment copolymer
may be selected fro inert organic solvent suchchsete, ethyl acetate, acetophenone, or
xylenes to obtain a homogenous copolymer solution.

The doping with the wax can be improved by addingx vadditives. Such optional wax
additives may be selected from polyethylene, papgplene, perfluoroacrylate, silicone or
polyamide oligomers.

Polyethylene oligomers may be preferred. Theseooigys preferably have a number average
molecular weight (M) of 500 to 9,000, preferably 1,000 to 3,000, mpaeticular 1,500 to
2,000. A M, of 1700 a.u. for polyethylene wax additives canpbeticularly mentioned. The
weight ratio of wax additive, such as e.g. poly&thg oligomer, to the wax is about 25 to 55 %,
it can however be varied between 10 to 60 % oremas a narrower range of 30 to 40 %.

According to a second aspect of the invention &gse for making the segment copolymer of
first aspect of the invention is provided comprmgithe following steps: (i) synthesizing a
segmented copolymer by reacting the monomers o$dftesegment and the rigid segment and
(i) adding wax to the segment copolymer.

In step (i) of the process the monomers are reatteform the segmented copolymer.
Depending on the monomers used, a known polymerizaeaction can be chosen. A free
radical polymerization can be particularly mentidnéout other polymerization synthesis
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approaches are also suitable to make the segmpalyoter. Methacrylate monomers can be
polymerized in such free radical polymerizationaBtéeng the soft segment monomers and rigid
segment polymers in one reaction may be prefeiirbis. reaction type may be especially used
when the monomers of the two segments by itseupported by other means (e.g. adding the
wax during reaction) show a tendency to prefergllymerize with its kind which means that
longer chains of rigid segment are combined wathger chains of the soft segment. In one
embodiment segmentation is for instance achieved lsgronger self-polymerization of the
monomers of the rigid segment compared with thelyoperization with the monomers of the
soft segment. In another embodiment more than areomer type is used in the segments and
those monomers have very strong mutual copolyntasizgropensity, e.g. the two monomers
of the soft segment.

The monomers used in step (i) can be those dedcaibeve with regard to the monomer of the
segment copolymer. According to one embodimeneadstione type of monomers of the soft
segment comprises branched or linear aliphaticdidins of Gy to Cs.

Other reaction types available for the synthesitugte step copolymerization of the segments
of the copolymer. In this case the copolymer builgsthe molecular weight of polymer by
stepwise function. Different functionalities areokyn from polymer handbooks for this reaction
type. The copolymer then can also be a polyestdyamide, polyurethane, etc. The synthesis
approach for the copolymer is not critical, if tegmentation is achieved. An important factor
is the wax doping which is available to variousrsegted polymer types.

The reaction in step (i) preferably takes placeaimm inert organic solvent at elevated
temperatures and optionally under inert gas atrmergpfe.g. argon). Temperatures of between
about 40 °C and 200 °C, more preferably betweenita® °C and 120 °C and most preferably
between about 65 °C and 100 °C can be mentioneel.rddction time may be about 10 to 36
hours and preferably about 18 to 30 hours, bubtsancritical feature. The organic solvent is
preferably selected from toluene, ethyl acetatefoghenone, or xylenes. These solvents are
particularly mentioned for a free radical polymatian.

Initiators may support the polymerization in stgpla case of a free radical polymerization the
initiators may be selected from known initiators sé& on photolysis (such as
azobisisobutyronitrile) or thermal decompositiomeTinitiator may be used in typical amounts
such as for instance about 0.1 to 10 mol% witheeisfp total monomers, preferably about 0.5
to 2 mol %.

The process wherein in step (i) the monomers caapriethyl methacrylate (MMA), lauryl
methacrylate (LMA) and an adduct monomer of glytitsthacrylate (GMA) and 1-
dodecylamine (DDA) is another embodiment. The moersntan then be used in the amounts
as described under the first aspect of the invantio

In one embodiment two monomers are used for mattirgsoft segment. They can be of an
identical core monomer type (e.g. methacrylated)e Becond functionalized component
monomer can be made by reaction of a functionalgaf the monomer with another molecule
that carries a corresponding functional group.iRstance a glycidyl group can be reacted with
an amine at elevated temperatures, such as 35 f@€80The amine may comprise the long
aliphatic side chains as mentioned above as arptaéestructural element of the soft segment
of the copolymer.

The making of the polymer includes the additionnaix in step (ii). The wax can be added
during the synthesis of the polymer or after thetlsgsis of the polymer. It must however be
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added before further curing the final segment cgpel to form a coating. The wax is then
captured in the hydrophobic microdomains of thetinga The wax may be added during the
synthesis of the copolymer. In this regard stepigiiintegrated in step (i). The wax may for
instance be added during the free radical polyragam together with the monomers in the inert
organic solvent. The wax may support the segmemtaturing the synthesis of the polymer.
This may be achieved by promoting the formationsefment copolymer chain structure
because of the preferential association betweenldhg aliphatic side chains and wax
molecules.

A wax additive may be added together with the wastep (ii) or the integrated step (i)/(ii). The
wax additive can be of a type and usage amounessrided above for the first aspect of the
invention. It is preferably added together with ¥eex during synthesis of the polymer.

According to a third aspect of the invention, thesealso provided a coating with
hydrophobic microdomains surrounded by the rigiginsents obtained by curing a coating
solution comprising the segment copolymer accordinthe first aspect of the invention.
The coating shows icephobic behaviour due to wassiog aggregation of the spatially
nearby soft hydrophobic segments while the coatimggrix is formed via drying. The
subsequent curing of these soft aggregates bysaaginate reagent results in formation of
soft hydrophobic microdomains surrounded by thériggegments of the copolymer. The
resultant heterogeneous matrix, i.e. the segregsdétdhydrophobic domains in micron
scale, contributes to a reduction of water contaggle hysteresis (WCAH) due to the
increase in hydrophobic softness, a delay to thmdtion of ice, and a reduction in the
adhesion strength of ice to it. The general stmattcharacteristics are essential to impede
icing and deteriorate proliferation of crystal stiwre of ice

The coating can be made from the segment copolyatogre or a mixture of the segment
copolymer with other polymers. Preferably the augtis made from a coating solution
with solid content of about 5 to 70 %, preferabl/tb 25 % in mass. A solid content of
17% in mass may be particularly mentioned. Depandifh the area of application the
coating may comprise typical additives and fillassthey are known from the prior art. The
thickness of the coating layer may be widely varigdmay be about 10 to 100m,
preferably about 50 to 7pm. A coating thickness of about g0n may be particularly
mentioned.

The process for making the coating is another aspiethe invention. The process comprises
the steps of (a) providing a coating solution a&f fegmented copolymer according to the first
aspect and (b) curing the coating solution. Théngumay be done by known polymerization
techniques known from the prior art which incluadisk or condensation types of chemical
reactions. Preferably the organic functional grotigg have been introduced in the segment
copolymer as described above can be crosslinksgm(b).

The reaction in step (b) preferably takes placeaim inert organic solvent at elevated
temperatures. Temperatures of between about 40dQ@0 °C, more preferably between about
60 °C and 120 °C and most preferably between a@®3C and 100 °C can be mentioned. The
reaction time in this curing and drying step mayabeut 10 to 36 hours and preferably about 18
to 24 hours, but is not a critical feature. Theamig solvent is preferably selected from toluene,
ethyl acetate, acetophenone, or xylenes. Thesersshare particularly mentioned for a free
radical polymerization. According to one embodimérg polymer solution form the synthesis
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of the segment copolymer is used directly withauiffration after adding a curing agent. The
solution can be casted on the desired surface.cllieg agent to be added depends on the
curing type. In case that -OH and —NH- groups hbheen introduced into the segment
copolymer the curing agent can be for instancectsdefrom aliphatic or aromatic diisocyanates
as described above. The curing agent may then dedaat a content of about 0.2 to 0.6 —OH
equ., preferably about 0.3 to 0.5 —OH equ. witrardgo the polymer. The diisocyanate curing
can be supported by catalysts, such as tin compoudidutyltindilaurate may be particularly
mentioned. The catalysts can be used in common s pueferably about 0.1 to 1 mol%, more
preferably 0.4 tool % with regard to the curingrage

The coating solution comprising the segment copelyaf the first aspect of the invention in a
solution together with a chemical curing agentristher part of the inventioRreferably the
coating is made from a coating solution with salahtent of about 5 to 70 %, preferably 10
to 25 % in mass. A solid content of 17% in mass nba&y particularly mentioned.
Depending of the area of application the coatinigitemn may comprise typical additives
and fillers as they are known from the prior ant flois field. 1 g coating solution may be
used to coat an area of 3.5x3.5%cdim obtain a thin polymer film of about 10 to 10
thickness after curing.

The coating solution can be used in a method fatiicg the surface of a metal, a thermosetting
polymer substrate or a thermoplastic polymer sabstrThe method comprises the step of
applying, e.g. by simple casting, the coating soiuto the surface and curing.

Examples

The segment copolymer and the icephobic coatingscharacterized in the following
examples which in no way limit the invention to Sepe of the examples.

The examples show that a polymer coating film hesnbfound whose matrix consists of
segregated soft domains doped by wax that suppaphobic performance. Spreading of
segregated soft hydrophobic microdomains is shaareta simple alternative to SLIPS for
the design for icephobic coatings. They furthervglioat such design was realized through
the synthesis of a copolymer comprising rigid aodét $hydrophobic) segments, which

upon coating and chemical crosslinking gives risthe above matrix characteristics.

The resultant IpC surface shows a significantlyorsgler icephobic property than the
unmodified PU coating (blank) according to the nueament of icing extent with cooling

and the ice — coating adhesion strength and towsghrees demonstrated below. A
commercial icephobic coating (NuSil R-2180 by Nu®Bdchnology) on PU, chosen as a
control, also shows apparently weaker icephobip@ry than the modified PU.

Example A
Synthesis of P(MMA-LMA-GMAL DDA) segment copolymer

Step 1. Synthesis of GMADDA adduct:
DDA (8.15 g, 43.98 mmol) is added to a one-neckntbbottom flask equipped with a
magnetic stirrer and then sealed with a rubberusepThe solid is heated to 45 °C in an oil
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bath for about 20 min to form a clear liquid. GM& L, 43.98 mmol) is then introduced
using a syringe and the mixture is stirred at 456C8 h to complete the synthesis of the
adduct monomer, GMA DDA.

Step 2. Synthesis of segment copolymer by freezehdiopolymerization

For a typical synthesis, GMADDA (2.04 g, 6.24 mmol), MMA (1.56 g, 15.60 mmol),
LMA (0.40 g, 1.56 mmol), paraffin wax (with mp. 658 °C, or an average formula of
CusHsp) in the range from 0 to 155.9 mg, AIBN (1 mol.%thviespect to total monomers)
and toluene (20 g) are added to a one-neck routtdrbdlask equipped with a magnetic
stirrer and then sealed with a rubber septum. Theure is purged with argon for 20
minutes, and then heated in an oil-bath at 70 *@it@te the free radical polymerization.
The reaction is carried out for 24 h and the réasgltoating solution, with a solid content
of 17% in mass, is used without further purificatio

Example B
Preparation of a PU topcoat on an aluminium plate

An Aluminum (Al) plate (7075-T6, 3.5 x 3.5 /énis cleaned through ultrasonication in
ethanol for 5 min and then etched with aluminunghtener (Actane E-10, Meltex), at
70 °C for 1 minute to remove the oxide layer. Prirfldrethane compatible high solids
primer, 7755A, PPG) and primer activator (7755BEGp is mixed in a glass vial (1/1 v/v),
agitated at 500 rpm for 0.5 hr before use. The mnéxis then applied onto the cleaned Al
plate using a paintbrush, and the coated subssaleied under ambient condition for 1
day. PU topcoat (8000B, PPG), activator and thir{f@&t/1 by vol.) are mixed thoroughly
and applied evenly onto the primer layer immediateding a plastic dropper. This is left to
dry and cure at room temperature for 24 h befoneguan oven to further cure at 60 °C for
another 24 h to assure achieving a thermodynamistdble surface.

Example C
Laying down an icephobic coating film on the PUdogat

The polymer coating solution (1g), obtained fronogqadure A (step 2), is weighed in a
dried 1.5-mL GC vial, following by addition of ishprone diisocyanate (IPDI, 0.4 —OH
equiv. with respect to polymer) and dibutyltinditate (0.5 mol% with respect to IPDI)
using micro-pipette. After mechanical agitation 8@ s, the mixture is immediately applied
evenly onto the PU topcoat on an Al plate, subsety¢he coating is subjected to curing
at 80 °C for 20 h to complete the development ofd film. Typical coating recipes are
listed in Table 1.

To mechanically enhance the soft hydrophobic donsaselected oligomer of polyethylene
(M, = 1700 a.u.) was introduced together with waxdpealthe soft hydrophobic domain as
shown in Table 1 in some cases. This enhancementesha strengthening effect on the
icephobic performance while the coating is subjttethe washing and scrubbing test.
The matrices of the IpC films were analyzed bydHterential scanning calorimeter (DSC,
TA Instruments DSC Q100) by loading 2-3 mg sampledach scan. A cyclic scanning
profile, 25 to 120 °C at 5 °C /min, 120 to -20 °C5a°C /min and -20 to 120 °C at 5 °C
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/min, was set to standardize the thermal historyefch sample. The data obtained from the
second heating cycle was collated. Results are shoWwig. 3.

[Table 1] shows the recipe for the preparation efected hydrophobic coating solutions
(® mass based on per 2 g of total monomers chafgadpuct monomer based on glycidyl
methacrylate and 1-dodecylamirfeSample with highest wax loading (10 mol%) for DSC
analysis® GMA L DDA/LMA/MMA = 4/1/10 (mol/mol) = 13/2.5/10 (mass/res)).

[Table 1]

Sample | GMALDDAYLMA/MMA | Wax/(GMALDD | PE/(GMALDDA | Wax¥ | PE°
(mol/mol) A+LMA) +LMA) (mg) (mg)

(mass%) (mass%)

C1 0/0/1

Cc2 0/1/10

S1 4/1/16

S1B 4/1/10 12.78 - 155.9 -

S2 4/1/10 3.20 - 39.0 -

S3 4/1/10 0.80 - 9.7 -

S4 4/1/10 - 1.70 - 20.7

S5 4/1/10 3.20 1.70 39.0 20.7

S6 4/1/10 3.20 0.85 39.0 10.4

S7 4/1/10 3.20 - 39.0 -

Example D

Characterizations of surface structures and prigsert

To perform surface analysis by atomic force micopsc (AFM, Bruker Dimension ICON)
samples were made directly casted, dried and cumeal microscope glass slide to prevent any
chemical or physical interference arisen from thierface with PU. The analysis used the
tapping mode scanning frequency of 0.6-1.0 Hz, @epth profile and phase image acquired
from build-in software (NanoScope Analysis 1.40¢sRits are shown in Fig. 4.

The morphology variations from the pristine PU togicto those on the selected IpC were
carried out on a Field Emission Scanning Electraordscope (FE-SEM, JOEL JSM-6700).
Results are shown in Figure 5 to 6. The surfacphigbicity arises from a special type of
heterogeneity consisting of soft hydrophobic micioeins and rigid PMMA segments. These
soft hydrophobic domains contain the dissolved waxwell as a sparse distribution of wax
crystallites in the case the dose of wax reacH&% n mass based on wax/soft segment (S3 in
Table 1 and Fig. 5). Both rigid PMMA segments anft bydrophobic microdomains function
collectively to provide icephobic performance thgbtholding supercooled water at temperature
down to -15°C. Macroscopically, obvious delay of icing and retitbn of the ice adhesion to the
IpC are observed.

The segment copolymer comprises rigid PMMA segmantssoft hydrophobic P(LMA-GMA

1 DDA) segments in individual polymer chains. Wheis tbopolymer is synthesized through

free radical copolymerization of the three monom#BA, LMA, and GMA_L DDA, a given
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amount of paraffin wax must be present since tieeadihg of wax molecules with LMA and
GMA | DDA promotes formation of segment copolymer chairucture because of the
preferential association between the long aliphaiite chains and wax molecules with the
exception of the weak tendency of MMA to form afiging copolymer with either LMA or
GMA | DDA. After the copolymer solution is obtained, aisdtyanate curing agent (or
crosslinker), IPDI, and a curing catalyst are idtreed into the solution, which is then
immediately cast on the PU substrate. After dyind euring at 80C for 20 h, a heterogeneous
coating matrix comprising soft hydrophobic microdons and rigid PMMA segments as shown
in Figure 6.

The apparent water contact angles (CA) on diffesenffaces were measured by the sessile drop
method under ambient atmosphere using a contat¢ goegiometer (Ramé-Hart, Model 100-
00). Deionized water droplets (8.) were dropped onto the sample surface using H-ibui
dispenser, and the average value of five measutsnraade on different locations was
recorded. Furthermore, the contact angle hysterasge was determined through measurement
of the advancing and receding angiés &ndoR) as normally defined.

[Table 2] shows the results of the characterizatibthe roughness and hydrophobicity of the
samples.

[Table 2]
Equivalent
Samole RMS Water contact Advancing Receding CA CA Hysteresis
P roughness angles (CA) CA (6p) (@) (6a-6R)
(nm)

PU 15.6 80.6+0.4 82.1 54.2 27.9
S1 1.77 84.6 £0.9 89.2 41.3 47.9
S2 6.96 109.7+0.4 114.7 106.3 8.4
S3 2.57 108.9+0.4 114.6 103.5 11.1
S4 23.3 83.2+11 88.1 43.9 44.2
S5 10.5 108.6 + 0.6 112.2 100.3 11.9

S6 14.5 109.5+0.6 114.4 102.2 12.2
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Example E
Determination of the delay of heterogeneous icéeation

The coating samples are placed horizontally on laePeold plate (TeCa, AHP-1200CP) at

ambient conditions (22 °C and RH% = 70), as shawhig. 7. The plate is therefore gradually
cooled down to -10 °C within about 15 min. The cemghtion of humid air and the subsequent
freezing process of the water droplets was recoetet monitored by using a video camera
(Canon IXUS 1000 HS) or a digital USB microscopélf{ay UM12 USA).

The IpC is developed by a simple protocol includfagnulating the coating solution and
thermal curing after drying a liquid layer of theating solution on the PU substrate. The
finally achieved icephobic coating (IpC) is 60ggh thick and transparent so that it retains
the color of the PU topcoat underneath. The ragyltpC surface significantly reduces
water contact angle hysteresis (WCAH) from 28 degrkethe pristine PU topcoat to as low
as 8to 9 degree. In parallel, water droplets onbigst IpC show a completion of freezing
within up to 15 min from — 7.1 to — 10°& in contrast to the PU substrate (the PPG
aerospace hydrophobtopcoat)that shows the duration of 5 min from — 6.3 to 8 €.
The results are shown in Fig. 8

Example F
Sample washing and scrubbing Test

Although there is no direct ASTM method for testitig durability of an icephobic coating

against washing and scrubbing thus far, we deasedt protocol, adapted from ASTM D4828-
94 that provides a standard test method for pmctiashability of organic coatings. The

sample plate (reference PU, Sample S2 and S6, 3.5 em in Table 1) was mounted onto the
middle of rotating platen of Buehler MetaServ® 20B€inder Polished Unit, using double-

sided adhesive tape. Heavy duty Scoth-Brite® sepdnge (10 x 7.5 x 3.5 cm, 3M Singapore
Pte Ltd) was placed on top of the testing sampl@n#&orm compressive force of 2.4 N was
imposed on the sponge by a pair of pellet dieschhiesult in an approximately constant
normal stress of 320 Pa during the washing procemss. water was supplied to moisten the
sponge during the course of washing scrubbing Tés .rotating platen was set at 40 rpm, while
the sample was scrubbed against the wet spongg foin, to simulate an effective washing

motion of 120 strokes.

Example G
Determination of the shear-stress/interfacial motorve

The critical shear stress between ice and coatimface is determined by using a setup as
shown in Fig. 9. In details, 250ml of deionized &vat placed in a specific metal container, and
the sample is then immersed in the container imopgy position to let water cover the major
part of the coating. The container is then subgettefreezing in a freezer for up to 24 h. The
metal container is mounted onto a Universal testiraghine, with dry ice placed around the
metal container to prevent the ice inside from mgltThe Universal testing machine (Instron
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5569 Table Universal testing machine) is then ethid slowly pull the sample out of the ice, at
a rate of 5mm/min. Throughout the process the Blusbftware of the machine is used to
record the shear stress incurred with time. Thplgd shear stress against pull distance is then
plotted, and the maximum shear stress is the akiicear stress indicating the adhesion strength
of ice to the surface in question.

The IpC exhibits an apparent reduction in adheBidoe conducted in the cold soak of dry
ice (-78.5°C) relative to the pristine PU substrate. The aidimesf ice to the testing sample
is recorded by the rupture stress and, more imptytathe energy required for detaching
ice from the coating. This is similar to the toughs for a sample under tension till its
breaking point and is described by the area unueistress distance curve, which reflects
the occurrence of tougher icing points on a coatngace to reject the shift of the ice-
coating interface (Figure 10). Compared with thistpre PU coating, the best IpC shows a
rupture stress of 40 MPa and almost nil toughnées$keaice-coating interface whereas the
PU shows a rupture stress of 60 MPa and at leasieg® greater toughness than the above
IpC. The IpC demonstrates a drastic reduction rongt ice-biting sites on the coating
surface with the exception of a reduction in thetuoe stress by about 30%. Such
improvement, i.e.weakened ice adhesion, is relatedhe micron-scaled heterogeneity
consisting of rigid segments and soft hydrophobicradomains, which induces massively
twisted ice phases in contact with the coating aaefAs underscored above,
fundamentally, the icephobic property of this Ip@ncbe attributed to the discrepant
physicochemical properties between PMMA segments R{LMA-GMA L DDA)®IPDI
microdomains. This discrepancy is extended throimgbrporation of a small amount of
wax into the copolymer because the wax moleculempte local aggregation of P(LMA-
GMA | DDA) segments through their entangling with thepladitic side chains; the
individual aggregates formed are eventually fixédotgh IPDI, the curing agent, to
crosslink —OH and —NH- groups. In parallel withsthéach P(LMA-GMAL DDA)XIPDI
microdomain formed is surrounded by more PMMA segtsieSuch segregation of the
P(LMA-GMA | DDA) )®IPDI microdomains imposes an interference with the
propagating of icing nuclei to form an ice layerhi§ is because the homogeneous
solidification due to removal of fusion heat mustthrough an initial nucleation stage, in
which nuclei formed will increase when they areglar than the critical nucleus size
determined by a particular temperature, which bexoremaller with the decrease in
temperature. Hence, to prevent icing at a low teatpee, supercooled water droplets
formed on the microdomains, to function as micratheeservoirs, must be capable to
confine the nucleation of ice along their bounddmpugh supplying heat to tiny ice nuclei
and then to slow down their growth. Too small mimmains will have difficulty in
sustaining supercooled water droplets to represgtbwth of ice nuclei nearby because of
a lack of adequate interfacial perturbing strengfihconsequence, the growth of these ice
nuclei will in turn promote icing in the supercodlevater droplets. It is therefore
imperative to have segment copolymer chain strectrere long enough P(LMA-GMA
DDA) segments are formed through the assistantieeofvax-doping, which will constitute
the microdomains after coating and curing. Thesalt@g microdomains should be able to
retain supercooled water droplets overlying theroriter to retard icing surrounding them
with the decrease in temperature. This de-icinghraeism depends on the domain size as



19

well as its softness, where mixing between thehalijc side chains and wax is critical. It
has been confirmed that placing a wax layer onPtletopcoat does not help deicing. The
optimal mixing would extend chain flexibility of weat a lowest possible temperature since
dynamic chain motions are essential in keepingogytrof water molecules inside the
droplet, namely an effect of chemical agitation. fAs as the role of PMMA segments is
concerned, they maintain dimensional stability e toating through segregating the soft
hydrophobic segments into microdomains by rigidnsegts. To confirm this point, a
control coating made only of wax-doped P(LMA-GMADA) ®IPDI on the same PU
substrate gives rise to a very soft coating surthe¢ does not meet the requirement for
dimensional stability and also undertakes a fastémg than its PMMA-containing
counterpart. Its weaker de-icing capability canchased by a lack of micro heterogeneity
that is imperative to break down continuity of waphase because the bulk of water is
affected by the discrepant soft and rigid polymepographies, which could thereby
facilitate impeding proliferation of the nucleatiofiice. In addition, the microdomain size
ensures adequate hydrophobic softness becausexthat eof chain entanglement is
effectively confined with the decrease in size.

Description of Drawings

The accompanying drawings illustrate a disclosedbadiment or reaction scheme and
serve to explain the principles of the disclosedbediments. It is to be understood,
however, that the drawings are designed for puiposdlustration of examples only, and
not as a limitation of the invention.

Fig. 1

[Fig. 1] shows a scheme for the synthesis of addoohomer, followed by solution
polymerization with MMA and LMA to form comb likeopolymer.

Fig. 2
[Fig. 2] shows a graphic illustration of the forrnet of a soft hydrophobic microdomain.
Fig. 3

[Fig. 3] shows DSC profiles for polymer coating endlifferent paraffin wax loading S1
(0%), S1B (12.8 mol%), S2 (3.2 mol%) and S3 (0.8%%)o

Fig. 4

[Fig. 4] shows an AFM surface topology charactdrtwaphase images of Sample S2 (d)
and of Sample S5 with soft domain/ rigid boundaigrostructure (e).

Fig.5

[Fig. 5] shows FESEM images of (a) Pristine PU tgic (b) PU cast with comb-like
copolymer, Sample S1, (c) Coating further modifigith 3.2 wt.% paraffin wax, Sample
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S2, (d) Sample S3, 0.8 wt.% paraffin wax, (e) San$d, 1.7 mw.% PE, and (f) Sample
S5, 1.7 wt.% PE and 3.2 wt.% paraffin wax
Fig. 6

[Fig. 6] shows an electron micrograph of sampled&&cribed in Table 1.
Fig. 7

[Fig. 7] shows a configuration of a Peltier icingvite, the pertinent cooling profile over 30
minutes and visualization of icing over the 4 seddcsamples at two cooling time points.

Fig. 8

[Fig. 8] shows: Top: Microscopic frost formation nitoring on PU topcoat, Scale bar: 500
um, magnification 50X, and field-of-view dimensiohl8 x 2.5 mm, (a-b) visualizing the
progress of water condensation at t=2 min (T~ 9&&) t=5 min (T~ -1 °C), respectively,
(c) onset of frost formation at t=8 min (T~ -5.1)7@d) spreading of frosting wave front
over the entire field-of-view at t=8.5 min (T~ -56), and (e-f) subsequent build-up of ice
crystals from t=10 to 15 min (T~ -6.3 to -8.9 °@pttom: Microscopic frost formation
monitoring on IpC S3, Scale bar: 50, magnification 50X, and field-of-view dimension
of 1.8 x 2.5 mm, (a-b) visualizing the progressvater condensation at t=2 min (T~ 9 °C)
and t=5 min (T~ -1 °C), respectively, (c) onseffrolst formation at t=21.7 min (T~ -10.3
°C), (d) spreading of frosting wave front over gwdire field-of-view at t=23 min (T~ -10.4
°C), and (e-f) subsequent build-up of ice crystaden t=25 to 30 min (T~ -10.8 to -11.4
°C).

Fig. 9

[Fig. 9] shows an experimental setup for the deteation of the critical shear stress
between ice and coating surface, left: Instron 53&Wble Universal testing machine
coupled with icing device, right: dissection ofrigidevice metal chamber.

Fig. 10

[Fig. 10] shows a graphic illustration for the twae-coating interaction profiles due to
different ice adhesions to the surfaces in question

Industrial Applicability

The inventive segment copolymer can be used inirgpalutions to prepare coatings with
icephobic capabilities as described above. Theirggmtcan be cured on various substrates,
especially metal or other polymer coatings. They find use in many applications where a
coating is desired to render a coated substrapbatec.

As shown in the examples a special use of the thweersegment copolymer is the use in
coatings for aerospace applications. Ice adhesian cotical aircraft surfaces affects
aerodynamic control and is a serious hazard. Thergs obtainable are compatible to standard
commercial paint systems of aerospace applicatidnseffective approach to implement ice
repellence to a commercial topcoat of aerospacgupethane (PU, PPG) through covering the
PU topcoat with a thin film, which is formed of agsnent copolymer, a diisocyanate curing
agent and an appropriately small amount of parafix has already been shown. The achieved
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reduction is ice adhesion strength may open up mumsenew applications. This is especially
given as the coatings according to the inventiam lwa prepared according a relatively simple
low-cost process. The coatings obtained are cassidnd transparent. It can expected that they
can be easily adopted in the aerospace industre @batings further provide good
weatherability (>800hr in weathering chamber).

It will be apparent that various other modificaoand adaptations of the invention are
available to the person skilled in the art aftemdiag the foregoing disclosure without
departing from the spirit and scope of the invemtand it is intended that all such
modifications and adaptations come within the saafjtbe appended claims.
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Claims
1. A segment copolymer comprising rigid and soffnsents wherein the soft segments are
doped with a wax.
2. The segment copolymer of claim 1 wherein thelrdggments comprise polymer chains

comprising monomer units selected from methaceylstlyrene, acrylonitrile butadiene styrene,
4-hydroxylbenzoic acid, vinyl chloride, or monomenade from bisphenol A (BPA) pre-
monomers and the soft segments comprise polyménshamprising monomer units bearing
long aliphatic side chains.

3. The segment copolymer of claim 1 wherein thielrsggment comprises a polymer
chain consisting of monomer units selected fromhagtylate, styrene, or 4-hydroxylbenzoic
acid and the soft segments comprise a polymenawanprising monomer units bearing a side
chain selected from linear or branchegy, @ecyl) to Gg (octadecyl) alkyl groups which are
optionally substituted and wherein methylene (>¢lgroups may be optionally replaced by —
NH-, -CO-, -C(0O)-O-, -C(O)-NH- or —O- groups.

4. The segment copolymer of any of the precediaigns wherein the polymer chain of
the soft segment additionally comprises monometis arganic functional groups that can be
crosslinked via a crosslinker.

5. The segment copolymer of claim 4 wherein thefional groups are located on side
chains close to the main polymer chain of the capet.

6. The segment copolymer of claim 4 wherein theetfional groups are —NH-, -OH, -SH,
-NH;, -N3, G to G alkynyl, or COOH groups.

7. The segment copolymer of any of the precediabgnd wherein the monomers of the
segment copolymer comprise methyl methacrylate (MM&uryl methacrylate (LMA) and an
adduct monomer of glycidyl methacrylate (GMA) andddecylamine (DDA).

8. The segment copolymer of any of the precediagnd wherein the rigid segments
substantially consist of polymer chains of methgthacrylate (MMA) and the rigid segments
surround the segregated soft segments which stiadiyanonsist of a copolymer of a lauryl
methacrylate (LMA) monomer and an adduct monomeyyafidyl methacrylate (GMA) and 1-
dodecylamine (DDA).

9. The segment copolymer copolymer of claim 7 wineifee molar ratio of the monomer
units LMA:(GMA/DDA) is 1:1 to 1:10 and PMMA: (LMAad (GMA/DDA) is 5:1 to 1:2.

10. The segment copolymer of claim 7 wherein thé&anmmatio of wax to the combined
molar ratios the monomer units of the polymer chaimthe soft segments is about 0.6-2.5
mol%.
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11. The segment copolymer of any of the precediaigns wherein the wax is selected
from linear alkanes, branched alkanes, aromati@aphthenic substituted alkanes, or glycerides.

12. The segment copolymer of any of the precediaigns wherein the weight ratio of
wax to the combined weight ratios the monomer wfithe segmented polymer is 0.1 to 10
wt. %.

13. The segment copolymer of any of the precedimigns wherein the overall amount of
wax used for the doping is between 4 to 20 mg pertge copolymer.

14, The segment copolymer of any of the precediaigns which is additionally doped
with a polyethylene, polypropylene, perfluoroactglasilicone or polyamide oligomer as wax
additive wherein the weight ratio of polyethyleriggomer to the wax is about 25 to 55 %.

15. A process for making a segment copolymer ofddriie preceding claims comprising
the following steps:
0] synthesizing a segmented copolymer by reactingnitn@omers of the soft segment
and the rigid segment;
(i) adding wax to the segment copolymer.

16. The process of claim 15 wherein the wax is dadtiging the synthesis of the copolymer.

17. The process of claim 15 or 16 wherein in siephle monomers of the rigid and soft
segment are polymerized together in a free-raghoimerisation and segmentation is achieved
by a stronger self-polymerization of the monomérhe rigid segment compared with the
copolymerization with the monomers of the soft segtn

18. The process of any of claims 15 to 17 whenmistép (ii) a polyethylene oligomer is
added together with the wax and wherein the weigiid of polyethylene oligomer to the wax
is about 25 to 50 %.

19. The process of any of claims 15 to 18 wheiggnolar ratio of wax to the combined
molar ratios the monomers forming the soft segrieeabout 0.6-2.5 mol%.

20. A polymer coating with hydrophobic microdonmsasurrounded by the rigid segments
obtained by curing a coating solution comprising segment copolymer of claim 1.



