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Outline

o lce and gas hydrate challenges

o Super-Low Ice Adhesion Surfaces (SLIAS)
& Fracture mechanics based SLIAS design
e lce adhesion vs. gas hydrate adhesion

& Concluding remarks and perspectives
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https://thebarentsobserver.com/en/2015/10/barents-goliat-oil-could-be-delayed-till-next-year

Ice accretion

Resources in Arctic

= One tenth of the world's oil;

e A quarter of its natural gas;

o Other minerals.

Ice protection market: $10.17 billion (2021)
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http://arctic.ru/resources/

Gas hydrate plug

Future energy material
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Deicing/Anti-icing strategies

Active de-icing )

Passive anti-icing )
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Mechanical Heating Chemical

Repelling coming water
Delaying droplet freezing time
Preventing frost formation
Lowering ice adhesion
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How low is low enough?

* The tensile strength of ice: (0.7-3.1) MPa Load cell

 Measured ice adhesion: (0-1.5) MPa i -

* Typical metallic surfaces: > 600 kPa »}

 Non-textured fluorinated surfaces: = 200 kPa. ie

* Icephobic: <100 kPa *‘i( : \

* Low ice adhesion surface: < 60 kPa 3“?’5”"’“9 Coating

e Strong breeze detaches ice on an airplane: <27 KPa ;

e Super Low ice adhesion surface (SLIAS): < 10 kPa T, = Fn;ax = pizg = plLg

e Sea sprayice <5 kPa on Al

Meuler et al. ACA AMI 2010, 2: 3100
He et al. Sci Rep, 2017, 7:42181
He et al. Soft Matter, 2017, 13, 6562-6568
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How to lower the ice adhesion?
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He et al, Prog Org Coat, 2020, 105737
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Crack initiator mechanism

A .
(Nanoscale crack initiators)
Nanoscale defects,
van der Waals force,
200~ electrostatic interactions

and hydrogen bonding

Macroscale crack initiators
Sub-surface structures induced

Deformation incompatibility

Ice adhesion strength [kPa]

100+ j
10 J
Super-low ice adhesion (SLIAS)

180° 150° 120° 90° Ureceding
He et al. Soft Matter, 2017, 13, 6562-6568
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MACI-based PDMS coatings

I smooth, curing at 65 °C

I smooth, curing at 80 °C
- Two layers with inner holes,

curing at 80 °C

=
0
o

sPDMS hPDMS
s7um [

67um

=
N
o

\\
\

20
10

| A

Ice adheison strength (kPa
(@))
o

0]
10:1 10:3 10:5 10:10
Weight ratio
x-linking density: 333 222 162
[mol/m?3] [mol/m3] [mol/m3]

He et al. Soft Matter, 2017, 13, 6562-6568
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Sandwich-like PDMS sponge

Sandwich-like PDMS sponge ’(E 2 5
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Durable SLIAS around 1 kPa

He et al. Soft Matter, 2018, 14, 4846-4851
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Self- hea I i ng EIaStomer [UItrafast self-healing & transparent surface\

First self healing anti-icing surface
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\ Zhuo et al, ACS Appl Mater Interfaces, 2018, 10 (14), 11972-11978 / \ Zhuo et al, Appl Mater Today, 2020, 19, 100542 /
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Phase transition lubricant
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= Super low ice adhesion strength: 4.5 kPa

= Ice adhesion strength after 30 icing/de-icing cycles: ~ 16 kPa
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Peanut oil

=

Number of Icing/De-icing Cycles

Wang et al. Chem. Eng. J. 2019, 360: 243




Liquid layer generator (LLG)
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Dual-ionic hydrogels (DIH)
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Number of icing/deicing cycles

Li et al, Appl Mater Today, 2022, 101367




MACI enabled low hydrate adhesion surface

Onlon inspired surface de5|gn

CyC5 hydrate iy 46 kPa
2.9 kPa
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Wang et al. Chem Eng J. 2022, 437: 135274
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Ice adhesion vs. hydrate adhesion
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ice lattice water film
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Concluding remarks

» Super-low ice adhesion surface (SLIAS) < 10 kPa

= Powerful mechanism to weaken the ice/hydrate-solid interface

=
MACI : :\/ £ ©
\/ /177 777 7707 / \v

= MACI can be easily incorporated with other icephobic mechanisms

= lce adhesion strength is 5 times hydrate adhesion strength?
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Perspectives

Dynamic
interface changes

Dynamic
Anti-icing
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